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ABSTRACT
This study focused on providing a source to tap assessment of surface water systems with
respect to (i) the use of alternative biomonitoring tools, (ii) disinfection byproduct (DBP)
formation and control, and (iii) corrosion control. In the first study component, two water systems
were microbiologically evaluated using adenosine triphosphate (ATP) bioluminescence
technology. It was determined that microbial ATP was useful as a surrogate for biomonitoring
within a surface water system when paired with traditional methods. Although microbial activity
differed between distribution systems that used either chloramine or chlorine disinfectant, in both
cases flowrate and season affected microbial ATP values. In the second study component, total
trihalomethanes (TTHM) and haloacetic acids (HAA5) DBP formation and disinfectant stability
was investigated using a novel DBP control process. The method relied on a combination of
sulfate, ultraviolet light irradiation, pH, and aeration unit operations. Results indicate respective
decreases in 7-day TTHM and HAA5 formation potentials of 36% - 57% and 20% - 47% for the
surface waters investigated. In the third component of this work, a corrosion study assessed the
effect of disinfectant chemical transitions on the corrosion rates of common distribution system
metals. When a chlorine based disinfection system transitioned between chlorine and chloramine,
mild steel corrosion increased by 0.45 mils per year (mpy) under chloramine and returned to
baseline corrosion rates under chlorine. However, when a chloramine based disinfection system
transitioned between chloramine and chlorine, mild steel corrosion increased in tandem with total
chlorine levels. Unlike the chlorine system, the mild steel corrosion rates did not return to baseline
under chloramine after exposure to 5 mg/L of total chlorine. Surface water systems should consider
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the use of ATP as a surrogate for biomonitoring, consider the novel treatment process for DBP
formation control, and consider corrosion control in disinfectant decision-making activities.
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CHAPTER 1: INTRODUCTION
Organization
This dissertation examines a surface water system with respect to (i) use of novel
bioluminescence technology to serve as a microbial surrogate, (ii) disinfection byproducts (DBP)
formation and control, and (iii) corrosion control. It begins with Chapter 1 which provides a brief
overview of the dissertation and continues with Chapter 2 which presents a literature review that
establishes the current knowledge on relevant topics and presents four identified knowledge gaps.
A brief water system locations chapter follows which provides background information on the
different water sources used to complete this work. Subsequently, Chapter 4 Materials and
Methods and Chapter 5 Results and Discussion are both segmented into four sections that reflect
the work completed to address the identified knowledge gaps. The document provides conclusions
in Chapter 6 and recommendations in Chapter 7 in which future work is presented. A total of three
Appendices are provided, with Appendix A providing water quality methods, Appendix B
documenting quality assurance and quality control information, and Appendix C presenting
compiled treatment process water quality data.
Objectives
Typically the last process step in drinking water plants, disinfection is essential for the
inactivation of pathogenic organisms in water to protect consumers from water borne diseases such
as cholera and typhoid. Although this process has been used in the United States since the 1940s,
research in the 1970s showed that disinfection is also responsible for the formation of suspected
carcinogenic compounds commonly referred to as disinfection byproducts. In recent times,
drinking water systems in the United States aim to strike a balance between the inactivation of
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pathogenic organisms and the production of inorganic and organic DBP during the disinfection
process.
Balancing the need to protect the consumer from exposure to acute and chronic
contaminants, water purveyors rely on the use of monitoring tools and implementation of treatment
process modifications for the proper operation management of the system, and allow for informed
decision making to occur. In consideration of this central theme, this dissertation addresses four
main water quality topics, with associated research questions:
1. Microbiological stability and monitoring – Can adenosine triphosphate (ATP)
bioluminescence be employed for accurately monitoring microbiological activity in
drinking water systems?
2. Disinfectant stability and unregulated DBP formation – Does chemical addition sequence
affect disinfectant stability and DBP formation?
3. Novel process for regulated DBP control – Can a new treatment process focused on
altering reaction rates be used to control DBP formation?
4. Corrosion monitoring and control – Do periodic disinfectant transitions affect iron, copper,
and lead corrosion rates?
The first topic focuses on demonstrating the application of a novel biomonitoring tool as a
proof of concept for a water supply and distribution system, allowing for faster response times for
decision making purposes. The second and third topics focused on process modifications within a
treatment plant and their effect on disinfectant stability and DBP formation. The fourth and last
topic focuses on examining distribution system corrosion rate changes when the secondary
disinfectant residual is intermittently transitioned between chlorine and chloramine.
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The four topics were investigated using an organic-laden surface water supply. In an effort
to better understand the results for each topic and their general applicability to surface waters, three
different organic-laden surface waters were investigated per topic. The main surface water supply
utilized, as well as the additional three surfaces waters, were characterized using inorganic (e.g.
pH, temperature, alkalinity, etc.) and organic (TOC, UV254, fluorescence, etc.) parameters to
ascertain their similarities and differences. The characterization of each water was used to better
understand and explain result deviations.
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CHAPTER 2: LITERATURE REVIEW
Water System Biomonitoring with Adenosine Triphosphate Bioluminescence
The methods used today to monitor microbial activity in a water system focus on the
detection of microbial activity through time-intensive, culture-dependent tests such as
heterotrophic plate counts (HPC). There is a general consensus for the need of fast and accurate
technologies for biomonitoring in water (Delahaye, et al., 2003; Berney, et al., 2008; Vital, et al.,
2012), with ATP bioluminescence being investigated and promoted as a potential indicator and
estimator of microbial activity since the 1960s (Hammes, et al., 2010).
The ATP cycle is the primary energy production and carrier cycle for living cells (Hammes,
et al., 2010). ATP is converted to adenosine diphosphate (ADP) through the breaking of a chemical
bond, releasing energy and a phosphate group. The released energy is used for anabolic processes
such as cell growth and reproduction processes. To complete the cycle, a bond is formed between
a lone phosphate group and an ADP molecule, requiring energy, to make an ATP molecule. The
required energy originates from catabolic processes such as the breakdown of polysaccharides into
monosaccharides. This cycle is used by cells to store and release the chemical energy needed to
survive and function (Figure 1).

4

ATP

Catabolism

Require
Energy

Release
Energy

Anabolism

ADP

Figure 1: Basic Cell Functions within the ATP Cycle
ATP in the environment is the summation of both active (live; intracellular) and inactive
(dead; extracellular) cells (Thore, Lundin, & Bergman, 1975). Thus, an important distinction is
made between extracellular ATP and intracellular ATP, where the extracellular ATP levels in a
sample are the background (or baseline) for intracellular ATP measurements. Typically, an
abundance of intracellular ATP signals high microbiological activity while an absence of
intracellular ATP signals low microbiological activity. For the purpose of this dissertation,
extracellular ATP will be referred to as free ATP, intracellular ATP will be referred to as microbial
ATP, and the summation of intra- and extra- cellular ATP will be referred to as total ATP.
ATP bioluminescence technology relies on the ATP cycle and the firefly reagent luciferase
to create light via a chemical reaction (Davidson, et al., 1999). The intensity of the light emitted
by the reaction is proportional to the amount of ATP in the sample. ATP bioluminescence analysis
only requires about 1 minute per sample for results to be available, allowing for real-time
corrective measures in cases of contamination (Lee & Deininger, 1999). Extensive research has
been done into correlation models between ATP and HPC values and ATP and total cell count
(TCC) values with significant success (Lee & Deininger, 1999; Delahaye, et al., 2003; Vital, et al.,
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2012; Ikonen, et al., 2013; Linklater & Ormeci, 2013; Van Nevel, et al., 2017). Furthermore,
research has shown that the addition of ATP bioluminescence for biomonitoring can reduce false
positive HPC hits as well as improve detection of viable but non-culturable state bacteria which
cannot reproduce but maintains infectious ability (Ghazali, et al, 2010; Vital, et al., 2012; Kong,
et al., 2015).
ATP bioluminescence technology has been shown to be limited by a number of factors
such as low precision (Vang, et al., 2014), interference from extracellular ATP and inorganic
compounds (Hammes, et al., 2010; Vang, et al., 2014; Van Nevel, et al., 2017), lack of standardized
comparable methods (Van Nevel, et al., 2017), and impact of microbiological species, cell sizes,
and physiological states on ATP levels (Hammes, et al., 2010; Buysschaert, et al., 2018). Some of
these limitations have been addressed by improving sensitivity and reducing interferences
(Ghazali, et al., 2010; Lee, et al., 2011; Abushaban, et al., 2017), but others remain. Nevertheless,
recent studies on the reliability of ATP bioluminescence as a microbiological indicator for different
aspects of the drinking water industry have shown favorable results (Vrouwenvelder, et al., 2008;
van der Wielen & van der Kooij, 2010; Ikonen, et al, 2013; Vang, et al., 2014; Van Nevel, et al.,
2017).
Identified Knowledge Gap – ATP
The majority of ATP bioluminescence research has been conducted outside of the United
States in water systems that do not employ secondary disinfection. These studies found that
distribution system microbial activity is stable (Vital, et al, 2012), seasonal effects on microbial
activity can be seen in surface waters (Delahaye, et al., 2003; van der Wielen & van der Kooij,
2010), flow rates can affect ATP concentrations in water (Lehtola, et al., 2006; Douterelo, et al.,
2019), free ATP can trigger regrowth due to an increase in dissolved phosphate (Nescercka, et al.,
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2016), and ATP levels decrease as water travels through a distribution network (van der Wielen &
van der Kooij, 2010). Thus, a gap in literature exists for elucidating the behavior of ATP within
the United States where secondary disinfection is required for potable water systems. In an attempt
to bridge the gap in knowledge with regards to ATP levels in water systems containing secondary
disinfectant, this dissertation (a) investigated how ATP behaves in a watershed system with
different hydraulic conditions (pipelines vs. reservoirs) and seasons (wet vs. dry), (b) assessed the
stability of ATP levels in a distribution system as compared to ATP levels leaving the water
treatment plant (WTP), and (c) assessed if there are differences in ATP content between
distribution systems that rely on chlorine or chloramine as a secondary residual for disinfection
purposes.
Chloramine Stability and NDMA Formation
More stringent DBP regulations promulgated by the United States Environmental
Protection Agency (USEPA) have led to an increase in the use of monochloramine as a secondary
disinfectant in the United States because the use of a combined residual decreases the formation
of regulated DBP. In cases where DBP formation potentials are high, chloramination is being
employed as both a primary and secondary disinfectant. Monochloramine is a weaker oxidant than
free chlorine, but has been shown to be more effective at penetrating biofilms than free chlorine
and maintain adequate residuals in longer distribution systems (Vikesland, et al., 2001;
Donnermair & Blatchley III, 2003). Typically, chloramination in WTPs occurs through in-line
addition of ammonia to a chlorinated water followed by mixing to form monochloramine.
Monochloramine formation is dependent on several parameters including mixing strength, pH, and
the chlorine to ammonia ratio. Although chloramination reduces the amount of regulated DBP
formed, it leads to the possible formation of unregulated nitrogenous DBP which are believed to
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be more toxic (Shah & Mitch, 2012). One nitrogenous DBP of concern is N-nitrosodimethylamine
(NDMA), which has been assigned a 10-6 cancer risk level at a concentration of 0.7 ng/L in water
by the USEPA (Najm & Trussell, 2001).
Most chloramine and NDMA research has been historically conducted utilizing free
chlorine, preformed chloramines, or chlorine followed by preformed chloramine addition. Using
these dosing techniques at the bench scale, chloramine auto-decomposition and DBP formation
potentials have been examined. Vikesland and colleagues (2001) found that in the absence of
natural organic matter (NOM) chloramines undergo auto-decomposing reactions which speed up
under low pH conditions, high carbonate conditions (constant pH), high temperature, and higher
chlorine to ammonia ratios. In the presence of NOM, they found an increase in residual decay from
the coupling of auto-decomposition and NOM-chloramine reactions. Duirk and colleagues (2005)
verified the effect of pH on auto-decomposition of monochloramine residual, but also found that
in the presence of NOM residual decay decreased as pH increased. Furthermore, they determined
that the organic nitrogen (humic-like materials) fraction of NOM can lead to rapid residual decay.
Moradi and colleagues (2017) found that in the absence of NOM and presence of bromide,
chloramine stability (whether it was formed in-line or preformed) was dependent on pH with a
significant drop in disinfectant level attributed to bromide reactions. Chloramination has been
shown to increase nitrifying bacteria and mycobacteria in water systems (Revetta, et al., 2013),
with low chloramine residuals (< 1 mg/L) prone to nitrification events (Allard, et al., 2018). In
addition, some studies have used synthetic waters and wastewater effluents to investigate the DBP
formation potentials of waters disinfected with preformed chloramines and chlorine followed by
ammonia to form chloramines (Jones, et al., 2011; Huang, et al., 2017; Allard, et al., 2018).
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With regards to the DBP NDMA, Choi and Valentine (2002) showed that the nitrogenous
species is complicated and believed to be formed through a sequence of reactions between
chloramines and precursor material. NDMA formation has been shown to be minimal during
chlorination and can be suppressed during subsequent chloramination by increasing the contact
time for prechlorination, although NDMA formation typically exceeds the California Notification
Level of 10 ng/L (Selbes, et al., 2014; Leavey-Roback, et al., 2016; Furst, et al., 2018). Lee and
colleagues (2007) found that NDMA formation is influenced by the dissolved organic carbon to
dissolved organic nitrogen ratio, while Uzun and colleagues (2015) determined that human impact
(measured through sucralose level), hydraulic river conditions, and dam operations impacted
seasonal NDMA formation of natural waters. Work completed by Shah and Mitch (2012), Krasner
and colleagues (2013), and Selbes and coworkers (2018) found that NDMA formation increases
in the presence of dichloramine as opposed to monochloramine by at least 2 orders of magnitude.
However, Selbes and coworkers (2018) noted that NDMA formation was found to be inhibited by
NOM interactions with dichloramine (competition), and that NDMA formation pathways for diand mono- chloramine were kinetically fast, reaching maximum concentrations within 24 hrs of
contact time.
Identified Knowledge Gap – Chloramine and NDMA
Although a fair amount of research has been performed on chloramine stability and NDMA
formation, the research assumed that chlorine addition preceded ammonia addition by convention
(USEPA, 1999). Limited research has been performed with regards to NDMA formation in
systems that add ammonia to treated surface water prior to chlorine. Research performed on
synthetic and wastewater effluents indicate that there is a difference in the DBP formation potential
when the ammonia is added ahead of chlorine, as opposed to chlorine added ahead of ammonia,

9

with the latter considered common practice (Huang, et al., 2017). In a similar fashion, NDMA
formation research has focused on the use of chlorine then ammonia, or preformed chloramine, in
mostly synthetic waters (Lee, et al, 2007; Furst, et al., 2018). Less is known regarding NDMA
formation under ammonia – chlorine addition sequence methods for disinfection. Thus, a gap in
literature exists for elucidating the stability of chloramine and NDMA formation potential for
surface waters disinfected with ammonia then chlorine. This dissertation explored whether a
difference exists in chloramine residual stability and consumption as well as NDMA formation
potential when comparing the chloramine disinfection methods – ammonia then chlorine and
chlorine then ammonia chemical feed sequences.
Trihalomethane & Haloacetic Acid Formation Control
The USEPA’s Safe Drinking Water Act (SDWA) regulates the type and quantity of DBP
within water systems. Total trihalomethanes (TTHM) and haloacetic acids (HAA5) are two types
of regulated disinfection byproducts. DBP are the products of chemical reactions between
disinfectants and NOM in water. The type of disinfectant and NOM in water determines the type
of DBP formed, where time, temperature, and bromide content play roles in the rate of formation
and maximum concentration in water systems. Extensive research has been conducted into the
formation pathways and potential control mechanisms for TTHM and HAA5 (Reckhow & Singer,
1990; Richardson, et al., 2007; Hua & Reckhow, 2008). Some control mechanisms target the
removal or transformation of NOM (granular activated carbon (GAC), anion exchange,
biofiltration, membrane filtration, advanced oxidation process) while others target changing the
disinfectant type to reduce the formation of TTHM and HAA5. Other control strategies focus on
removal post formation by targeting the compounds physicochemical properties such as
biodegradability (HAA5) and volatilization (TTHM).
10

Precursor Control
Ultraviolet (UV) irradiation is often integrated into advanced oxidation processes because
UV alone does not affect DBP formation (Reckhow, et al., 1999). Although UV irradiation does
not affect DBP formation directly, it can affect NOM characteristics and thus indirectly affect DBP
formation potential (Lyon, et al., 2014). Lyon and colleagues (2012) found that typical disinfection
doses of UV irradiation (40 – 186 mJ/cm2) did not have an effect on DBP formation potential
although higher UV doses (1000 mJ/cm2) increased TTHM formation potential by 30 – 40 percent.
Other researchers have noted that UV irradiation can decrease protein/tryptophan-like and humiclike fluorescence in waters which are NDMA and TTHM precursors, respectively (Lyon, et al.,
2014; Yang, et al., 2015). A more recent study conducted by Guo and colleagues (2016) found that
TTHM formation potential increased during UV irradiation followed by chlorine disinfection, that
as the UV irradiation dose increased the DBP formation potential increased, and that TTHM
concentrations decreased with increasing pH when water was treated with UV irradiation followed
by chlorine disinfection. Sulfate radical chemistry is fairly new and its effectiveness as an
advanced oxidation process for DBP control through NOM transformation is still relatively
unknown but shows promise (Oh, et al., 2016).
Research evaluating the enhancement or suppression of TTHM and HAA5 formation has
been investigated with findings available in the literature. Liang and Singer (2003) found that
HAA5 formation was favored in low pH conditions while TTHM formation was favored in high
pH conditions. In addition, the study found that coagulation preferentially removes HAA5
precursors over THM precursors, and that HAA5 precursors are more aromatic in nature.
Obolonsky and Singer (2008) documented that temperature was the most significant variable in
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chloroform formation, and pH had a strong positive influence on chloroform formation but an
opposite influence on the formation of trichloroacetic acid.
The effect of metal ions on TTHM and HAA5 formation has also been extensively
researched. In the presence of copper, magnesium, or calcium ions, TTHM formation potentials
are increased with copper having the largest impact followed by magnesium and then calcium (Fu,
et al., 2009; Navalon, et al., 2009). Zhang and Andrews (2012) found that exposure to solid
corrosion products can also increase disinfectant decay and HAA5 formation potential. A more
recent study found that iron corrosion products, such as goethite, could interact with NOM to
suppress the initial rate of formation for HAA5 and prolong reaction times required for HAA5
formation (Sharma, et al., 2017). While this study also found that metal ions can increase DBP
formation potential rates, at times greater than humic and fulvic acids, the phenomenon was not
seen in experiments with natural waters.
Post Formation Control
The control of TTHM concentrations in distribution systems through aeration has become
a popular strategy in the industry. Work completed by Cecchetti and colleagues (2014) found that
the efficiency of spray aeration systems at the removal of TTHM was primarily influenced by
spray configuration (droplet size, travel distance, spray pattern) and magnitude (percent recycle)
as opposed to temperature, spray angle, and TTHM species. The study also showed that spray
aeration can remove brominated TTHM species, even though they have lower Henry’s Law
constants. Smith (2015) found that one pass aeration systems could control TTHM formation
potentials in bromide-free waters and that nozzle type affected the efficiency of the system.
Yoakum (2017) expanded on those findings by showing that multiple-pass spray and tray aeration
could compress TTHM formation potential as well as remove bromide from water.
12

Identified Knowledge Gap – DBP Formation Control
Previous research has shown that there are multiple ways to suppress DBP formation either
through constituent removal (aeration for TTHM), water quality changes (pH), or NOM
transformations (UV irradiation and sulfate radical oxidation). Yet previous research has either
utilized synthetic waters to elucidate the effects of these techniques on DBP formation or
investigated these techniques as standalone systems. The examination of the impact of
incorporating sulfate, UV irradiation, pH, and aeration, on DBP formation in surface waters has
not been fully explored. This dissertation examined the effect of each component utilizing a
stepwise-cumulative experimental structure to study TTHM formation and subsequent removal
and HAA5 formation suppression.
Disinfectant Type Effect on Corrosion
Corrosion occurs when an electrolyte solution creates a path for electrons to flow between
an anode and a cathode. The anode corrodes while the cathode is protected and the determinant
for which metal becomes the anode and cathode is each metal’s nobility, measured by their voltage
potential (Crittenden, et al., 2012). There are many different types of corrosion and many causal
factors of corrosion, each of which is categorized by the cause of the metal’s deterioration and
include (but is not limited to): galvanic corrosion, pitting and crevice corrosion, microbe-induced
corrosion, stray current corrosion, and tuberculation (Schock & Lytle, 2011). When corrosion is
left unchecked, utilities can experience a wide range of complaints including: (1) stains on clothes
and fixtures, (2) taste and odor issues, (3) pressure loss and infrastructure problems, and (4)
elevated heavy metal content in tap water.
While most corrosion-related complaints are often considered aesthetic, elevated levels of
heavy metals such as lead and copper can pose a significant threat to public health and welfare.
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For this reason, the USEPA promulgated the Lead & Copper Rule (LCR) in 1991 to reduce the
public’s exposure to lead and copper at the consumer’s tap by establishing action levels (USEPA,
2017). While metal corrosion cannot be avoided, it can be controlled through various means such
as: (1) careful selection of pipe and connection materials, (2) adequate buffering capacity and
dissolved oxygen levels, (3) basic and alkaline pH levels, (4) reduce the growth of algae and fungi,
and (5) corrosion inhibitor addition (Schock & Lytle, 2011).
The relationship between internal corrosion rates and type of residual, chlorine or
chloramine, has been extensively documented in the literature since they are the two most common
distribution system disinfectants used in the United States. Norton and LeChevallier (1997) found
that changing from chlorine to chloramine resulted in more pitting corrosion in iron pipes. Copper
leaching has been shown to increase under high chlorine, low pH conditions (Hong & Macauley,
1998), and cast-iron corrosion rates are influenced by the presence or absence of chlorine (Frateur,
et al., 1999). Zhang and colleagues (2002) found that under chloramine disinfection copper
corrosion, measured by polarization resistance, increased when dissolved organic carbon increased
and exhibited an inverse relationship with ionic strength. Rahman and colleagues (2007) found
that under stagnant conditions, chlorine produced the lowest copper release at high pH low
alkalinity when compared to monochloramine, chlorine dioxide, and no disinfectant. While an
increase in chloramine concentration increased copper release, the study found that total copper
release differed between disinfectants, yet dissolved copper release remained the same. With
respect to iron corrosion, chlorine was found to be better at controlling red water and microbial
activity (Zhang & Edwards, 2007).
Although Eisnor and Gagnon (2004) found that iron corrosion rates were higher with
chloramine than chlorine exposure, more recent studies have challenged this finding. Gagnon and
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colleagues (2008) and Masters and coworkers (2015) found that iron corrosion was higher with
chlorine than chloramine exposure, although significant pitting corrosion can occur under
chloramine conditions because of denitrification processes. A closer inspection into iron corrosion
in the presence of chloramine and chlorine found that the latter forms dense, crystallized corrosion
products while the former forms loose corrosion products (Li, et al, 2014). The dense and
crystallized corrosion scale found in the chloramine system was theorized to be due to an increase
in nitrate-dependent iron (II) oxidation. A difference was also found in the composition of
corrosion-related bacteria within the biofilm and bulk solution of iron in contact with chloramines
and iron in contact with chlorine. Biological denitrification occurred from start to finish in the
chlorine system, while in the chloramine system it did not start until 120 days of incubation. The
lag in autotrophic microbial nitrification was linked to the rising concentration of ammonia in the
bulk solution from chloramine decay.
Several studies have found that lead release can be better controlled under chlorine
disinfection than under chloramine disinfection due to the inability of lead (V) scale formation
under chloramine disinfection (Woszczynski, et al., 2013; Brown, et al., 2013). Two more recent
studies investigating the effect on iron and lead corrosion when switching from chlorine to
chloramine have been conducted. Xie and colleagues (2010) found that a reductive dissolution of
lead oxide when the disinfectant is switched from chlorine to chloramine can lead to lead release
into the bulk solution. Hu and colleagues (2018) found that a switch from chlorine to chloramines
can slightly decrease iron release, an increase in chloride and sulfate can increase iron release, and
an increase in alkalinity and calcium hardness can decrease iron release.
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Corrosion Rate Measurements and Corrosion Layer Assessment
Two of the most popular corrosion measurement methods are the gravimetric method and
electrochemical methods. Corrosion rate is a measurement of the dissolution of solid metal
compounds into aqueous metal ions and is typically expressed in mils per year (mpy), where 1
mpy is equivalent to a 1/1000 inch loss of solid metal from a surface (AWWARF & DVGW,
1996). The gravimetric method, also commonly referred to as the “cook-and-look” method, relies
on weight loss, density, time, surface area, and a constant to calculate the corrosion rate of a metal
coupon in mpy. This corrosion rate measurement is relatively inexpensive to conduct, repeatable,
and accurate, but may require months of testing for proper measurements and cannot differentiate
between types of corrosion. The electrochemical method, based on Faraday’s law, relies on
measured metal corrosion current, density, equivalent weight, surface area, and a constant to
calculate the corrosion rate of a metal probe in mpy. This corrosion rate measurement can be more
expensive and variable than the gravimetric method, but it provides instantaneous corrosion rate
measurements which allow for the ability to identify corrosion rate trends and changes in real time.
Multiple metals can be tested simultaneously in a corrosion rack as long as metal nobility
considerations are taken when deciding the metal coupon and probe order within the corrosion
rack. In general the least noble metal is placed upstream and the most noble metal is placed
downstream to minimize potential corrosion rate interferences due to metal-metal interactions.
Corrosion layers can be visually and chemically assessed at the conclusion of a study utilizing
scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) spectroscopy.
SEM relies on a focused electron beam in a vacuum to scan the surface of a sample at user selected
magnification factors to create high resolution images of the surface morphology of a corrosion
layer for analysis. EDX spectroscopy, typically conducted alongside SEM analysis, can determine

16

the surficial elemental composition of a specimen by analyzing the x-rays released by the SEM
electron beam and correlating the various x-ray signals to specific elements. Based on the
abundance of each x-ray signal, EDX analysis can both simultaneously detect different elements
on the surface of a sample as well as quantity the relative abundance of each element within the
sample. SEM/EDX analysis has been previously used to examine how biofilms can affect
corrosion rates of various metals (Goldstein, et al., 2003; Wang, et al., 2012; Venzlaff, et al., 2013).
Identified Knowledge Gap - Corrosion
The majority of corrosion studies that have investigated disinfectant impacts on iron, lead
and copper corrosivity have focused on chlorine or chloramine disinfection, or the change from
chlorine to chloramine disinfection. Yet, chloramine distribution systems undergo free chlorine
maintenance transitions regularly to control nitrification and improve residual stability;
additionally chlorine distribution systems sometimes are converted to chloramine residual
disinfection for parts of the year to control DBP formation. There appears to be a gap in literature
where the effect of disinfectant conversions on common distribution system metals corrosion has
been conducted. This dissertation, in part, examined the effect that disinfectant conversions have
on the corrosion rates of iron, copper, and lead when transitioning between chlorine and
chloramine residual distribution systems.
Organic Characterization Techniques
NOM in water can be quantified with the use of several parameters including color, UV254
absorbance, and TOC (Sawyer, et al., 2003). The most prevalent NOM fractions in surface water
are fulvic and humic acids, with the latter known as the major precursor to DBP formation
(AWWA, 2011). Furthermore, aqueous humic substances are known to have higher molecular size
and weights than their fulvic counterparts (AWWA, 2011). Aqueous characterizations using
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molecular weights and fluorescence can aid in the identification of DBP precursors, and can aid in
evaluating water quality changes for the subsequent control of DBP formation, as well as in the
monitoring of microbial transformations.
High performance liquid chromatography (HPLC) systems can be used to characterize
NOM in water by molecular weight using size exclusion chromatography (SEC) methods. The
accuracy of SEC methods for the determination of molecular weight distributions (MWD) in
drinking water, and the usefulness of SEC organic characterization for DBP formation control has
been documented by several researchers (Vuorio, et al., 1998; Pelekani, et al., 1999; Nissinen, et
al., 2001; Kristiana, et al., 2014; Lo, et al., 2017). Chow and coauthors (2008) and Samios and
colleagues (2017) found that natural surface waters have similar MWD, but different
concentrations of each compound and that treatment produces waters with similar MWD and
concentrations of each compound. In addition to a reduction in NOM concentrations, MWD in
natural waters tend to shift from large to small after water treatment processes (Vuorio, et al., 1998;
Nissinen, et al., 2001). Recent studies have focused on determining the molecular weight ranges
of different types of organics (humic, fulvic, proteins, etc.) for identification and comparison
purposes in various waters, as well as the significant effect of algogenic organic matter on DBP
formation, which can occur within treatment plants that utilize prechlorination to control algal
growth throughout the facility (Yan, et al., 2012; Hua, et al., 2018).
Fluorescence spectroscopy is an analytical technique which creates excitation-emissions
matrix (EEM) contour maps of water samples for NOM characterization which can be used to
predict NOM reactivity and DBP formation (Korshin, et al., 1997; Roccaro, et al., 2009). Chen
and colleagues (2003) delineated five regions for water EEM contour maps: region I and II contain
aromatic protein-like NOM, region III fulvic acid-like NOM, region IV soluble microbial by-
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product-like NOM, and region V humic acid-like NOM (Figure 2). Typically, EEM contour map
data is analyzed using parallel factor analysis (PARAFAC) to correlate the EEM data to other
water quality parameters to create relationships and predictive models between organic
characterization changes and biological or chemical changes (e.g. microbial activity, DBP, etc.)
(Lyon, et al., 2014; Peleato & Andrews, 2015; Yang, et al., 2015).
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Figure 2: Fluorescence Regions (Chen, et al., 2003)
If a baseline is established, fluorescence spectroscopy is a sensitive, inexpensive, and
simple analytical tool for the detection of water contamination and microbiologically induced
changes (Heibati, et al., 2017; Peleato, et al., 2017; Moradi, et al., 2018). PARAFAC-based
correlations between humic-like NOM fractions and TTHM and protein-like NOM fractions and
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NDMA have been found, as well as nitrification being correlated to increases in protein-like
fluorescence (Yang, et al., 2015; Moradi, et al., 2018). Peleato and Andrews (2015) found that the
inclusion of the protein-like component in EEM contour maps reduces prediction errors for EEMTTHM and EEM-HAA5 models. More recent work completed by Trueman and colleagues (2016)
found that the model type relied on for TTHM prediction with EEM data differed from the model
developed for HAA5, and that the selected models based on using bench scale data differed from
the selected models found using full-scale data. The bench scale model for TTHM formation
potential had a mean absolute error of 9.5 ppb and the bench scale model for HAA5 formation
potential had a mean absolute error of 14.9 ppb. In contrast, at the full scale the model for TTHM
formation had a mean absolute error of 13.5 ppb and the model for HAA5 formation potential had
a mean absolute error of 7.7 ppb. The findings from this study elucidate the impact of organic
characteristics on the formulation of predictive models for different types of DBP, as well as the
importance of validating predictive models developed at the bench scale with full scale data as
they may differ.
SEC and fluorescence characterization of organics in water has been applied in the study
of water treatment process effects, DBP precursor identification, DBP formation models, and
microbiologically-induced changes in water (Korshin, et al., 1997; Vuorio, et al., 1998; Chow, et
al., 2008; Roccaro, et al., 2009; Lo, et al., 2017; Moradi, et al., 2018). MWD data and EEM contour
maps can help elucidate the effects of treatment on natural waters, as well as explain differences
in results due to those treatments. MWD data and EEM contour maps were used in the first three
dissertation topics, where appropriate, as supporting data to corroborate the findings and explain
differences within the waters investigated.
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CHAPTER 3: WATER SYSTEM LOCATIONS
This dissertation could not have been possible without the assistance of the Hawaiian and
Floridian municipal water communities that allowed access to their facilities for data collection
purposes. A partnership was thus formed with three water purveyors to investigate the four
dissertation topics defined in Chapter 1. One of two interconnected Hawaiian water systems served
as the primary study location due to its involvement in each of the four dissertation topics.
However, where appropriate, the remaining Hawaiian water system and two Floridian municipal
water systems were utilized as secondary study locations to support many of the research findings.
The four water systems in this work shared the commonality of being surface water systems, but
differed in raw water quality and geographical location. The key role of the secondary water
systems investigated was to provide locations for supporting data collection regarding surface
water systems in general.
Primary Water System
Hawaiian Upper Elevation System
Located on the island of Maui, the Hawaiian upper elevation system obtains its source
water from the Waikamoi Rainforest. The source water is collected and conveyed through a flume
and series of pipelines and reservoirs to the Olinda WTP. The Olinda WTP is a 3.0 MGD facility
at an elevation of approximately 4,000 ft which utilizes conventional treatment and ultrafiltration
(UF) membrane filtration to treat the low pH, high color, low alkalinity source water. The treated
water is pH adjusted with lime to 8.8 units and disinfected (primary & secondary) with chloramines
for corrosion and DBP control purposes, respectively. The disinfection process at this plant is
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unconventional as it adds ammonia ahead of chlorine to form chloramines due to the high DBP
formation potential (FP) of the water.
The Olinda WTP finished water services the Upper Kula distribution system, which has an
estimated water age of 7 days. The Upper Kula system utilizes gravity flow and a series of ground
storage tanks (GST) to provide adequate flow and pressures for its customers. The Upper Kula
distribution system is interconnected to the Hawaiian middle elevation system to allow for water
transfer between the two water communities either during drought or when chlorine maintenance
is practiced. During these special conditions, pumps are used to flow water up a series of four GST
which create a hydraulic connection between the two systems. During both conditions, the Upper
Kula system is converted from chloramine to free chlorine residual disinfection for a period of
time.
Secondary Water Systems
Hawaiian Middle Elevation System
Located on the island of Maui, the Hawaiian middle elevation system typically obtains its
source water from the Pi’iholo Forest Reserve. Occasionally, the overflow of the water collection
system for the Waikamoi Rainforest provides additional source water for this system through an
overflow pipe. In a similar fashion to the upper elevation system, the source water is collected and
conveyed through a series of pipes to the Pi’iholo WTP raw water reservoir. The Pi’iholo WTP is
an 8.0 MGD facility at an elevation of approximately 2,800 ft which utilizes coagulation,
flocculation, direct dual media filtration, and GAC to treat the source water. While the source
water for the Pi’iholo WTP is also low in alkalinity, it typically has a near neutral pH and less
color than the Olinda WTP source water. The treated water is pH adjusted with soda ash to 8.8
units for corrosion control purposes and disinfected (primary & secondary) with chlorine. This

22

WTP utilizes a combination of GAC for DBP precursor removal and spray aeration at the first
distribution system tank for TTHM removal for DBP FP control.
The Pi’iholo WTP finished water services the Lower Kula distribution system, which has
an estimated water age of 4 days. In a similar fashion to the Upper Kula system, it utilizes gravity
flow and a series of GST to provide adequate flow and pressures for its customers. The Lower
Kula system is hydraulically connected to the Upper Kula system as well as a lower elevation
system through a series of pumps and GST. The Pi’iholo WTP has the capacity to service the three
interconnected distribution systems under normal conditions. To reduce electrical costs associated
with pumping water, only under drought or chlorine maintenance conditions does the Pi’iholo
WTP service the Upper Kula system. During severe drought conditions, the lowest elevation WTP
can service the three distribution systems through the existing series of pumps and GST
interconnecting them.
Floridian East Coast System
Located on the east coast of Florida, the Floridian east coast system relied upon for this
dissertation has both a surface water supply and a ground water supply. The main surface water
supply is Taylor Creek Reservoir and the main ground water supplies are the Floridan and
Intermediate Aquifers. The source waters are conveyed to the Dyal WTP through a series of
pipelines. The Dyal WTP is a 48 MGD facility which utilizes different treatment processes for the
surface and ground water sources before blending them. The ground water source is treated using
a lime softening process followed by fluoride addition and pH adjustment with carbon dioxide.
Post treatment for the ground water source consists of chloramine disinfection, where chlorine is
added ahead of ammonia, and dual media filtration. The surface water source is treated using
conventional treatment followed by ozone oxidation and pH adjustment with lime and carbon
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dioxide. Post treatment for the surface water source consists of chloramine disinfection, where
chlorine is added ahead of ammonia, and dual media filtration. The finished ground and surface
waters are blended prior to release to the distribution system. The distribution system services
more than 80,000 customers in central Brevard County through pipelines and storage facilities.
Floridian West Coast System
Located on the west coast of Florida, the Floridian west coast system relied upon for this
dissertation has both a surface water supply and a ground water supply. The main surface water
supply is Lake Manatee Dam and the main ground water supplies are the Surficial, Minor Artesian,
and Floridan Aquifers. The source waters are conveyed to the Lake Manatee WTP through a series
of pipelines. The Lake Manatee WTP is an 84 MGD facility which utilizes different treatment
processes for the surface and ground water sources before blending them. The ground water source
is treated using a lime softening process followed by dual media filtration. The surface water
source is first treated through a biological treatment unit for taste and odor control, followed by
coagulation, flocculation, and direct dual media filtration. The plant utilizes a small dose of
chlorine ahead of both the ground water and surface water dual media filters to control biological
growth. The treated ground and surface waters then enter a blend chamber where phosphate and
fluoride are added along with lime for pH adjustment. The blended water is disinfected using
chloramines, where ammonia is added ahead of chlorine, prior to release to the distribution system.
The distribution system services more than 350,000 customers in Manatee County, Sarasota
County, the cities of Palmetto and Bradenton, and the municipalities on the barrier islands.
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CHAPTER 4: MATERIALS & METHODS
ATP Bioluminescence Monitoring Tool Assessment
The Hawaiian upper elevation water system consists of the Waikamoi Rainforest
watershed, the Olinda WTP, and the Upper Kula distribution system. The Waikamoi Rainforest
water collection system was deteriorating and thus rehabilitation work was completed to replace
the redwood flume with an aluminum flume and two reservoirs were cleaned out, repaired, and
lined. Microbial ATP was monitored within the Waikamoi Rainforest water collection system in
the wet (Nov – Apr) and dry (May – Oct) seasons prior to the rehabilitation work (2012 – 2014)
and post the rehabilitation work (2017 – 2018). Microbial ATP levels were also monitored
throughout the treatment processes at the Olinda WTP and the Upper Kula distribution system
between 2017 and 2018. During this time, the Hawaiian middle elevation WTP and distribution
system were also monitored using microbial ATP. The four objectives for this component of
research were to:
1. Determine the effect watershed infrastructure rehabilitation, season, and flowrate had on
microbial ATP levels.
2. Develop a watershed microbial ATP model based on common water quality parameters.
3. Monitor changes in microbial ATP from source (watershed), through treatment (WTP), to
tap (distribution system).
4. Monitor and compare the microbial ATP levels of a chloramine and chlorine water system.
Sample Locations & Frequency
Microbial activity was measured throughout the watershed, water treatment process, and
distribution system, with monitoring occurring at a frequency of four data sets (on average) per
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year. Twelve locations within the watershed were monitored as identified in Figure 3. The four
reservoir sampling points were considered laminar (slow) flow, with the remaining eight sampling
points considered turbulent (fast) flow. For the Olinda WTP (chloramine system), the sampling
locations were raw water, settled water, decant water, UF filtrate, and finished water. The Upper
Kula distribution system sampling locations have been summarized in Figure 4. The eight sample
points represent a mixture of tanks, standpipes, and hydrants within the distribution system with
Omaopio Tank being the first and Kanaio Tank being the last distribution system tanks. The
sampling locations for the Pi’iholo WTP (chlorine system) were raw water, flocculated water,
dual-media filtrate, GAC filtrate, and finished water. Figure 5 graphically represents the eight
sampling points within the Lower Kula distribution system which include a mixture of standpipes
and hydrants, as well as a tank.

Figure 3: Waikamoi Watershed System Sample Locations
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Figure 4: Upper Kula Distribution System Sample Locations

Figure 5: Lower Kula Distribution System Sample Locations
Equipment, Reagents, and Sample Preparation
Microbial ATP monitoring was conducted using a 3M (Maplewood, MN) luminometer
(NG3) with free ATP (AQF100) and total ATP (AQT200) kits. Duplicate grab water samples were
taken at each monitoring site in 250mL beakers for in-situ analysis. A list of additional water
quality parameters monitored for this study, categorized by type, has been summarized in Table 1.
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Water quality analyses were conducted in accordance with sample preparation, methods, and
instruments summarized in Appendix A.
Table 1: Water Quality Parameters for ATP Experiments
Organic
•
•
•

Color
UV254
DOC

Inorganic
•
•
•
•
•
•
•
•

Alkalinity
Conductivity
Free Cl2
Monochloramine
pH
Temperature
Total Cl2
Turbidity

Metals
•
•
•
•
•
•

Aluminum
Calcium
Iron
Magnesium
Manganese
Silica

Anions
•
•
•
•
•

Bromide
Chloride
Nitrate
Nitrite
Sulfate

Data Analysis
Microbial ATP data was analyzed using Microsoft® Excel to determine locational means
and standard deviations, as well as means and standard deviations for each system (watershed,
WTP, distribution). To address the first objective, the microbial ATP data sets were split between
pre-rehabilitation and post-rehabilitation time periods, with mean dry season and mean wet season
values calculated for the watershed. The watershed samples were split by flowrate type, with
graphs generated to show the differences in microbial ATP levels based on flowrate, season, and
rehabilitation efforts. For the second objective, a microbial ATP model was developed using the
watershed post-rehabilitation mean microbial ATP, pH, temperature, and alkalinity data for each
site. The third and fourth objectives were investigated using box-and-whiskers plots generated for
the chloramine and chlorine systems, with additional plots generated looking at the variability of
microbial ATP data at each site for the chlorine and chloramine distribution systems.
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Chloramine and NDMA Chemical Sequence Experiments
The Hawaiian upper elevation water treatment plant utilizes chloramines for disinfection
to control DBP formation in the Upper Kula distribution system. The treated source water is
reactive, capable of forming approximately 55 ppb of TTHM and 40 ppb of HAA5 after 15 minutes
of contact time with free chlorine. To address this, the Olinda WTP uses chloramine as their
primary and secondary disinfectant, with in-line ammonia addition ahead of chlorine. The Upper
Kula disinfectant residual is stable, typically decaying less than 0.5 mg/L as Cl2 from start to end.
NDMA testing of the Upper Kula system at three locations yielded non-detectable levels of
NDMA in the first tank and a midpoint location, and approximately 10 ng/L of NDMA at the last
distribution tank. A link between chemical addition sequence and disinfectant stability and NDMA
formation was hypothesized and investigated utilizing Olinda WTP water, Dyal WTP water, and
Lake Manatee WTP water. The four objectives for this study were to:
1. Determine the chloramine stability and NDMA formation potential of Olinda WTP water
disinfected with ammonia then chlorine.
2. Determine the chloramine stability and NDMA formation potential of Olinda WTP water
disinfected with chlorine then ammonia.
3. Compare the chloramine stability and NDMA formation potential for the two chloramine
formation sequences for the Olinda WTP water.
4. Repeat the experiments with Dyal WTP water and Lake Manatee WTP water and compare
the results with the Olinda WTP water results.
Experimental Set-Up: Chloramine and NDMA
Experiments were carried out using bench-top equipment to investigate the effect chemical
addition sequence had on chloramine stability and NDMA formation potential. The disinfection
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process was carried out utilizing a 5-gallon Nalgene tank with a lid, a magnetic stir bar, and a stir
plate. Each experiment utilized 2-gallons of water and initial conditions were recorded (time,
temperature, pH). A five minute mixing period followed each chemical addition, with pH
adjustment occurring during the second five minute mixing period. The selected target pH was
based on each WTP’s typical practice. The disinfected water was then used to fill 60-mL and 1-L
amber glass bottles for incubation at room temperature for 7 days. The 60-mL bottles were used
to measure daily free chlorine, total chlorine, monochloramine, pH, and temperature values. The
1-L bottles were incubated for 7 days to measure the 7-day NDMA formation potential. The
chloramine stability experiments were performed in duplicate while the NDMA formation
potential experiments were performed in triplicate. Figure 6 provides pictures of the dosing set-up
and incubation bottles.

Figure 6: Bench-Scale Dosing Set-Up & Incubation Bottles
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Equipment, Reagents, and Sample Preparation
Bulk water for the experiments was collected from the respective WTPs at available sample
taps prior to their disinfection step. The water was collected in 15-gallon blue Nalgene drums and
stored at 4 °C until use. The bench-top disinfection and pH adjustment processes were carried out
using sodium hypochlorite solution, ammonium sulfate solution, and lime solution. The sodium
hypochlorite solution was prepared by adding a liquid stock solution to deionized water, the
ammonium sulfate and lime solutions were made from solid reagents dissolved in deionized water.
Water quality analyses were conducted in accordance with sample preparation, methods, and
instruments summarized in Appendix A.
Data Analysis
Using Microsoft® Excel, concentration decay per time curves were produced using the
daily total chlorine and monochloramine data. The collected 7-day NDMA formation potential
data points were averaged and compared. The bulk water samples were analyzed for the parameters
listed in Table 2 to obtain background information about the similarities and differences between
the three surface waters. The background information was utilized to support and explain the
study’s findings.
Table 2: Water Quality Parameters for Chloramine and NDMA Experiments
Organic
•
•
•
•
•

Color
DOC
EEM
SEC
UV254

Inorganic
•
•
•
•
•

Metals
•
•
•
•
•
•

Alkalinity
Conductivity
pH
Temperature
Turbidity

31

Aluminum
Calcium
Iron
Magnesium
Manganese
Silica

Anions
•
•
•

Bromide
Chloride
Sulfate

TTHM and HAA5 Formation Control Experiments
The Upper Kula distribution system is one of three interconnected water systems, and the
only one utilizing chloramines for disinfection. Water movement during times of drought between
the Upper Kula system and the other two systems is complicated by the disinfectant type
incompatibility. Thus the Upper Kula system undergoes complete chloramine to chlorine
conversion during drought, which leads to wastage of potable water. Converting the Upper Kula
system to free chlorine to minimize the potable water loss issue requires the use of additional
treatment technologies to reduce the DBP formation potential of the Olinda WTP treated water. A
novel post-treatment DBP control process consisting of pH adjustment, sulfate, UV irradiation,
and aeration was investigated. The novel post-treatment process included aeration with the
addition of pH adjustment, sulfate, and UV irradiation in a step wise matter to determine their
cumulative effect on TTHM and HAA5 formation control. The novel post-treatment DBP
formation potential results were compared to baseline formation potential results to determine the
effectiveness of the process at controlling DBP. The novel post-treatment DBP control process
developed using the Olinda WTP water was also validated with Pi’iholo WTP water, Dyal WTP
water, and Lake Manatee WTP water. The three objectives for this study were to:
1. Determine the effect of aeration with pH adjustment, sulfate, and UV irradiation on DBP
formation potentials.
2. Assess the effectiveness of the novel post-treatment process at controlling DBP formation
potentials for different surface waters.
3. Investigate the changes in TTHM and HAA5 formation rates produced by the novel posttreatment process.
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Experimental Set-Up: DBP Formation Potential
A bench-scale post-treatment process was built to conduct the experiments and a picture
of the set-up can be found in Figure 7. The set-up consists of a 5-gallon Nalgene tank with a
magnetic stir bar on top of a stir plate. The water (2-gallons) was recirculated at 1 gpm through
the system utilizing a magnetic drive pump and flowmeter. Water re-entered the Nalgene tank
either after passing through a spray nozzle or by flowing through a tube with the outlet beneath
the water level inside the tank. A chemical addition port and pH meter port were drilled into the
lid of the tank. A UV irradiation system was also incorporated into the unit, with the system
operated in either on or off mode depending on treatment scheme.
Table 3 summarizes the post-treatment scenarios investigated using the bench-scale unit.
The varying pH scheme investigated the effect of no pH adjustment, pH adjustment to 8.8, and pH
adjustment to 10 during the first 3 hrs of contact time with chlorine along with 2 hrs of aeration on
DBP formation potentials. The varying SO4 scheme investigated 16.5 mg/L, 50 mg/L, 100 mg/L
and 200 mg/L additions of sulfate on DBP formation potentials while using the optimum pH for
DBP control identified in the varying pH experiments. The UV irradiation experiments
investigated the effect of using UV before chlorine dosing or after chlorine dosing on DBP
formation potentials while using the optimum initial incubation pH and sulfate concentration
identified in previous experiments. The final process scheme was the developed novel posttreatment DBP control process utilized for the four water sources investigated. While the Hawaiian
surface waters received the sulfate boost, the Floridian surface waters did not as they already
contained at least 50 mg/L of sulfate. The chlorine dose and post-aeration pH adjustment target
were specific for each water and reflected typical full-scale conditions.
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Figure 7: Bench-Scale DBP Control Process
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Table 3: Bench-Scale Treatment Scenario
Baseline

Varying pH

Varying SO4

Pre-UV

Post-UV

Final Process

Dose Cl2

pH Adj.

SO4 Addition

SO4 Addition

SO4 Addition

50 mg/L SO4
Addition

▼

▼

▼

▼

▼

▼

pH Adj.

Dose Cl2

pH Adj.

UV Irradiation
1 hr

pH Adj.

UV Irradiation
1 hr

▼

▼

▼

▼

▼

▼

Bottle
&
incubate

Incubate
3 hrs

Dose Cl2

pH Adj.

Dose Cl2

pH Adj. 10

▼

▼

▼

▼

▼

Aerate
2 hrs

Incubate
3 hrs

Dose Cl2

Incubate
3 hrs

Dose Cl2

▼

▼

▼

▼

▼

pH Adj.

Aerate
2 hrs

Incubate
3 hrs

UV
Irradiation
1 hr

Incubate
3 hrs

▼

▼

▼

▼

▼

Bottle
&
Incubate

pH Adj.

Aerate
2 hrs

pH Adj.

Aerate
2 hrs

▼

▼

▼

▼

Bottle
&
Incubate

pH Adj.

Dose Cl2

pH Adj.

▼

▼

▼

Bottle
&
Incubate

Aerate
2 hrs

Bottle
&
Incubate

▼
pH Adj.

▼
Bottle
&
Incubate
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Equipment, Reagents, and Sample Preparation
Bulk water for the experiments was collected from the respective WTP at available sample
taps prior to their disinfection step in 15 gallon blue Nalgene drums and stored at 4 °C until use.
The bench-top disinfection and pH adjustment processes were carried out using sodium
hypochlorite solution and lime solution. The sodium hypochlorite solution was made by adding a
liquid stock solution to deionized water and the lime solutions were made from solid reagents
dissolved in deionized water. Throughout the treatment and formation potential experiments,
additional water quality parameters such as pH, temperature, conductivity, turbidity, and UV254
were monitored. Water quality analyses were conducted in accordance with sample preparation,
methods, and instruments summarized in Appendix A. The TTHM and HAA5 formation potentials
were conducted using 60-mL, 125-mL, and 250-mL amber glass bottles. Free chlorine residuals
were monitored throughout the 7-day DBP formation potential test for each experiment. TTHM
measurements during the treatment process (final process) were taken after 1 hr of UV irradiation,
3 hrs of pH 10 incubation, and 2 hrs of aeration, and the following bottle incubation times – 10
hrs, 24 hrs, 72 hrs, and 168 hrs. HAA5 measurements during the treatment process (final process)
were taken after 1 hr of UV irradiation, and the following bottle incubation times – 10 hrs, 24 hrs,
48 hrs, 96 hrs, and 168 hrs. Duplicate 7-day TTHM and HAA5 samples were taken for each run.
Data Analysis
The DBP data was analyzed using Microsoft® Excel to build formation potential models
using logarithmic trendlines fitted to the raw data points. The models were used to address the 1st
and 3rd objective of this study by comparing calculated formation rates of the different treatment
scenarios against each other and the baseline. The 7-day DBP data was also analyzed to determine
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the effectiveness of the final process at controlling DBP for the different surface waters
investigated.
Disinfectant Type Transitions Corrosion Experiments
The Upper Kula distribution system is a chloramine system that periodically is converted
to chlorine due to drought or for chlorine maintenance. Chlorine maintenance is the conversion of
chloramine systems to chlorine periodically to control nitrification. Although the Olinda WTP uses
pH adjustment to control corrosion, changes in water quality (including disinfectant type) are
known to have an effect on the corrosion rate of distribution system metals. Corrosion control is
an important facet of water treatment as it protects the consumer from exposure to heavy metals
as well as protects distribution system infrastructure from expedited deterioration.
In this work, a corrosion study was conducted to investigate the effect disinfectant type
transitions had on corrosion rates of three common distribution system metals – mild steel,
cartridge brass, and lead solder. The study included pre-corrosion and stabilization phases to
simulate an aged distribution system and the periodic transitioning of chloramine to chlorine due
to chlorine maintenance. In a similar fashion, a chlorine distribution system may periodically
switch to chloramine (e.g. seasonally) to control DBP formation potentials. Thus, a parallel
corrosion study was conducted in the Lower Kula distribution system to investigate whether a
similar corrosion trend was identified when a chlorine system was converted to chloramine
periodically. The three objectives for this study were to:
1. Determine the effect of chlorine maintenance induced disinfectant type transitions on
corrosion rates within a chloramine system.
2. Determine the effect of seasonally induced disinfectant type transitions on corrosion rates
within a chlorine system.
37

3. Determine the effect of chlorine maintenance induced (chloramine to chlorine) and
seasonally induced (chlorine to chloramine) disinfectant type transitions on the corrosion
layer of mild steel coupons using SEM and EDX analysis.
Experimental Set-Up: Corrosion
Two corrosion racks were constructed to determine the effect chlorine maintenance
induced disinfectant type transitions and seasonally induced disinfectant type transitions had on
corrosion rates. The study was comprised of 6 general phases (Figure 8) which included a baseline
phase and stabilization phases in between experimental test conditions. The baseline phase’s
purpose was to pre-corrode the metal coupons and probes prior to beginning the study to better
simulate an aged distribution system. The stabilization phases in between experimental conditions
were included to determine whether changes in corrosion rates after each condition were reversible
or irreversible.
The corrosion rack for testing chlorine maintenance induced disinfectant transitions was
set-up within the Olinda WTP and fed finished water (Figure 9). The corrosion rack for testing
seasonally induced disinfectant transitions was set-up within the Lower Kula distribution system
and fed Lower Kula water (Figure 10). The corrosion racks consisted of PVC pipe, flowmeters,
totalizers, valves, and chemical feed systems and operated using an automatic water flow on/off
timer. Both corrosion racks were in operation 6 hrs/day, in 3 hr blocks to simulate a home’s water
demand. Thus, water in the corrosion racks was flowing at about 2.25 gpm from 6:00 AM to 9:00
AM and 1:30 PM to 4:30 PM, and the water was idle within the racks the rest of the time. While
the chlorine system corrosion rack had a test side and a control side, the chloramine system
corrosion rack only had a test side. In addition, a GAC system was incorporated into the chlorine
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system corrosion rack to aid in providing accurate dosage of chlorine and ammonia for chloramine
conversion transitions.

Baseline

Disinfectant
Change

Disinfectant
Change w/
Soda Ash

Stabilization

Stabilization

Figure 8: Corrosion Study Phases

Figure 9: Chloramine System Corrosion Rack
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Desk-top
evaluation w/
lime

Figure 10: Chlorine System Corrosion Rack
Equipment, Reagents, and Sample Preparation
The three metals investigated obtained from Metal Samples, Inc. were mild steel (C1010)
to simulate water mains, cartridge brass (CDA230) to simulate home copper pipes, and a 50:50
tin/lead (50/50 Tin/Lead) composition to simulate lead solder. The metal probes for the
electrochemical method and metal coupons for the gravimetric method were incorporated into the
horizontal pipe loops and vertical pipe loops of the corrosion racks, respectively. Pictures of virgin
mild steel, cartridge brass, and 50/50 tin/lead coupons and probes are presented on Figure 11.
Sodium hypochlorite solution was used at the chloramine system corrosion rack and sodium
hypochlorite, ammonium sulfate solution, and soda ash solution were utilized at the chlorine
system corrosion rack. Due to site constraints, pH adjustment chemical corrosion rate impacts were
determined using the RTW modeling software (Tetra Tech; Pasadena, CA). The chloramine
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system corrosion rack and chlorine system corrosion rack were operation from 5/17/17 to 7/30/18
and 7/26/17 to 7/26/18, respectively.
For the chlorine system corrosion rack, four chlorine-to-chloramine transitions were
completed, with each transition projected to last about 20 days. An additional chlorine-tochloramine transition with pH adjustment with soda ash was completed with a similar projected
duration time. For the chloramine system corrosion rack, four chloramine-to-chlorine transitions
were completed, with each transition projected to last about 20 days. During the study, daily linear
polarization resistance (LPR) and water quality measurements were obtained and recorded at each
corrosion rack. The water quality parameters that were monitored throughout the duration of the
study included pH, temperature, free chlorine, total chlorine, monochloramine, turbidity,
alkalinity, and conductivity. Water quality analyses were conducted in accordance with sample
preparation, methods, and instruments summarized in Appendix A.
Cartridge
Brass

50/50
Tin/Lead

Cartridge
Brass
50/50
Tin/Lead

Mild Steel
Mild Steel

Figure 11: Virgin Metal Probes (left) and Coupons (right)
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Data Analysis
Daily LPR values (in mpy) for each corrosion rack were graphed against runtime hours
using Microsoft® Excel. The LPR – runtime graphs were updated weekly to monitor corrosion rate
changes and identify stabilization period durations. Photos of the coupons and probes were taken
at the beginning and end of the corrosion study. The cartridge brass and 50/50 tin/lead coupons
from both corrosion racks were sent to a Metal Samples, Inc. (Munford, AL) for cleaning and
weight loss analysis. The mild steel coupons from both corrosion racks were analyzed at the UCF
Materials Characterization Facility using SEM with EDX to investigate the surface morphology
and elemental characteristics of the developed corrosion layer. For this study, SEM high resolution
images of the tuberculation layers were taken at a magnification of 100, while the EDX elemental
characterization data was taken at a magnification of 500.
To complete the pH adjustment phase of the corrosion study, the RTW computer model
was utilized. The model utilizes seven water quality parameters and a mathematical iterative
process to calculate the Langelier saturation index (LSI). The water quality parameters are pH,
temperature, alkalinity, calcium concentration, chloride concentration, sulfate concentration, and
total dissolved solids (TDS). A slightly positive LSI is desired as it means the right conditions
exist for calcium carbonate to precipitate out of solution (Crittenden, et al., 2012). This
precipitation is desired in water systems as it can form a passivating layer within a pipe and protect
the material from corrosion. For corrosion control purposes, both negative LSI values and large
positive LSI values are not desired (Schock & Lytle, 2011). For the remainder of the document,
the cartridge brass coupons and probes will be referred to as copper and 50/50 tin/lead coupons
and probes will be referred to as lead solder.
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CHAPTER 5: RESULTS & DISCUSSION
ATP Bioluminescence as a Surrogate Tool for Biomonitoring in Water Systems
The purpose of this component of the work was to assess the applicability of ATP
bioluminescence as a surrogate biomonitoring tool in drinking water systems. The assessment is
an accumulation of several years-worth of microbial ATP data from a chloramine and chlorine
water system. Emphasis was placed on elucidating the ability of microbial ATP monitoring to
identify changes in microbial activity due to infrastructure improvements, season, flow regime,
water treatment processes, and distribution system chemistry. The infrastructure improvements
effect were assessed by monitoring microbial ATP levels before and after the replacement of a
redwood flume with an aluminum flume and the cleaning, repairing, and lining of two 15 MG
reservoirs in a watershed collection system. Within the same watershed, seasonal impacts (wet vs.
dry) and flow regime impacts (pipelines vs. 15 MG reservoirs vs. 50 MG reservoirs) were assessed
for both the pre- and post- rehabilitation period. Water treatment process effects and distribution
system chemistry effects were assessed within a chloramine water system and a chlorine water
system.
Watershed Monitoring Findings
An overall reduction in microbial activity of at least 95% was identified for both the dry
and wet season microbial ATP system averages after the infrastructure improvements (Figure 12).
In addition, microbial activity for this watershed was identified to be higher during the dry season
both before and after the infrastructure improvements. The overall reduction in microbial activity
is theorized to be due to the removal of the sludge in the 15 MG reservoirs. The higher microbial
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activity during the dry season is thought to stem from lower flow velocities through the water
catchment system.
1000
900

Microbial ATP (RLU)

800
700
600
500
400
300
200
100
0

Pre Rehabilitation

Post Rehabilitation

Dry Season Mean

Wet Season Mean

Figure 12: Rehabilitation & Seasonal ATP Monitoring Results
To expand on the potential effect flow velocity has on microbial activity, the watershed
data was first separated into pre- and post- rehabilitation periods. The two data sets were further
segregated based on three identified flow types: pipelines, 15 MG reservoirs, and 50 MG
reservoirs. The segregated data was graphed using a box-and-whiskers plot and included in Figure
13. The results show that for both the pre- and post- rehabilitation periods, the pipelines exhibit
the lowest microbial activity out of the three identified flow types. For the pre-rehabilitation period
the highest microbial activity was detected in the 15 MG reservoirs and for the post-rehabilitation
period the highest microbial activity was detected in the 50 MG reservoirs. The change in the
location of the highest detected microbial activity could be attributed to rehabilitation of the 15
MG reservoirs. This graphic alludes and further confirms that flow velocity may have an inverse
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relationship with microbial activity. The faster or more turbulent the flow (pipelines), the less
microbial activity detected in the water. The slower or more laminar the flow (reservoirs), the more
microbial activity detected in the water. This could be due to differences in biofilm structures and
density as well as nutrient mass transfer rates under low and high flowrates (Lehtola, et al., 2006;
Liu, et al.; 2016; Douterelo, et al.; 2019).

Figure 13: Flow Type ATP Monitoring Results
Several models correlating microbial ATP with flow cytometry or HPC data have been
developed (Hammes, et al., 2010; Ikonen, et al., 2013; Van Nevel, et al., 2017). Existing models
which focus on correlating water quality parameters, such as pH and temperature, to microbial
typically do not use microbial ATP as the microbial activity parameter (Ikonen, et al., 2013).
Research correlating water quality parameters to microbial ATP was found to be minimal, with
one study identifying the significance of temperature on microbial ATP levels (van der Wielen &
van der Kooij, 2010). With this in mind, a novel mathematical model for predicting microbial ATP
utilizing water quality parameters was developed using the regression tool in Microsoft® Excel.
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Equation 1 represents the empirically derived mathematical relationship between microbial ATP
(RLU) and pH, temperature (°C), and alkalinity (mg/L as CaCO3) for the post-infrastructure
improvements watershed. Based on p-values for the variables in this model, it appears that pH had
the greatest influence on microbial ATP levels, followed by alkalinity and then temperature.
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑅𝑅𝑅𝑅𝑅𝑅) = (277 ∗ 𝑝𝑝𝑝𝑝) + (54.8 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) − (137 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) − 2,065

(1)

The ANOVA analysis provided an R2 of 89%, and an adjusted R2 of 84%, at a 95%

confidence level. Modeled ATP values versus actual ATP values have been plotted to graphically
represent the accuracy of the model (Figure 14). The model was used to predict microbial activity
for the pre-rehabilitation watershed data and the distribution system data with minimal success.
The site specificity of the model is due to differences in microbial communities among the systems
affecting the accuracy of the developed model (Hammes, et al., 2010; Buysschaert, et al., 2018).
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Data Ranges – pH: 4.34 – 6.75 | Temperature: 17.1 – 19.7 | Alkalinity: 0.97 – 5.80

Figure 14: Watershed Actual ATP vs. Modeled ATP Results
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Source to Tap Monitoring Findings
To evaluate the microbial activity from source to tap of the chloramine water system,
Figure 13 was expanded to include the WTP raw water data, the WTP disinfected water data, and
the average of the distribution system data. The updated graphic shows that microbial activity
gradually increases as the source water travels from the pipelines to the reservoirs in the watershed,
then is significantly decreased and stabilized by the WTP processes (Figure 15). A significant drop
in microbial activity from the 50 MG reservoirs to the WTP raw water was identified for the
system. This may be due to the flow conditions of the WTP raw water reservoir, as well as the
introduction of the decant water stream to the headworks. The decant water includes backwash
water as well as clean in place (CIP) water which contains neutralized sulfuric acid and bleach.
The microbial activity of the treated water closely resembles the microbial activity of the
distribution system, indicating a microbiologically stable system. There were more microbial ATP
outliers in the distribution system than the treated water due to suspected interferences because of
nitrification, which was corroborated by distribution system pH and nitrate data.
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Figure 15: Source to Tap ATP Monitoring Results
Chloramine vs. Chlorine System Findings
A box-and-whiskers plot comparing microbial ATP levels for the raw water, treated water,
and distribution system water of a chloramine and chlorine system is presented in Figure 16. The
chloramine system water types consistently exhibit higher microbial activity and variability than
the chlorine system water types. The chloramine system distribution water also has more cases of
outliers within the data than the chlorine system distribution water, which is theorized to be caused
by higher instances of microbial regrowth from nitrification in a chloramine system.
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Figure 16: Chloramine vs. Chlorine System ATP Monitoring Results
The distribution system data was expanded to show the microbial ATP results at each of
the eight sampling sites for the chloramine system (Figure 17) and the chlorine system (Figure 18).
While the mean microbial ATP values for both were below 40 RLUs throughout the systems, the
actual average value and variability was system and site specific, with higher average values and
variability found in the chloramine system. The distribution system data further elucidates the
potential relationship between flow and microbial activity. Based on the data gathered, the
hypothesis is that stagnant flow and high flow conditions both result in lower microbial activity
than low flow conditions. This phenomenon may be due to the depletion of substrate in the water
to support microbial activity (stagnant flow) or the formation of thin and dense biofilms which
resist washout and dissolution of microbes into the bulk solution (high flow) (Lehtola, et al., 2006;
Liu, et al.; 2016; Douterelo, et al.; 2019).
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Figure 17: Chloramine Distribution System ATP Monitoring Results

Figure 18: Chlorine Distribution System ATP Monitoring Results
50

Effect of Chemical Addition Sequence on Chloramine Stability and NDMA Formation
The purpose of this study was to assess the effect chemical addition sequence had on
chloramine stability and NDMA formation. To complete this task, three surface waters were dosed,
incubated, and monitored utilizing bench-scale equipment. Two dosing sequences were
investigated – chlorine addition followed by ammonia versus ammonia addition followed by
chlorine. The duplicated chloramine stability experimental runs and triplicated NDMA formation
runs were averaged and utilized in this study. The three waters were also characterized for several
organic, inorganic, metal, and anion parameters, which have been compiled in Appendix C.
Water Quality Analysis
Bulk water was collected at three surface water plants from available sample ports prior to
their disinfection step. For the Olinda WTP, this sample point was located post UF filtration and
prior to pH adjustment and disinfection. For the Lake Manatee WTP, this sample point was located
post filtration and prior to disinfection and blending with treated ground water. For the Dyal WTP,
this sample point was located post ozone contact and prior to filtration and disinfection. In addition,
both the Lake Manatee WTP and Dyal WTP practice chlorine addition ahead of their process to
control algal growth. The bulk water sampled was tested for residual chlorine and the levels were
found to be below detection level.
Given the effect organic water quality parameters have on chloramine stability and NDMA
formation, the three waters were characterized using color, DOC, UV254, EEM, and SEC. The
compiled data has been summarized in Table 4. The Lake Manatee WTP contained the highest
amount of organics between the three waters investigated as measured by DOC, UV254, and SEC
total peak area. Conversely, the Dyal WTP contained more reactive organics as shown by the
higher fluorescence EEM values when compared to the other two waters investigated. In addition,
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the Dyal WTP ozonated water contained EEM peaks within the aromatic protein-like, soluble
microbial byproduct-like, fulvic-like, and humic-like regions. In comparison, the biologically
stabilized Lake Manatee WTP water did not contain EEM peaks within the aromatic protein-like
and soluble microbial byproduct-like regions. The Olinda WTP water was found to have slight
EEM peaks within the aromatic protein-like and soluble microbial byproduct-like regions. This
may be due to a combination of membrane treatment and potential partial biological stabilization
within the watershed reservoir system. In addition, while both the Olinda WTP and Lake Manatee
WTP waters had similar molecular weight organics and molecular weight distributions, the Dyal
WTP water differed. The Dyal WTP water contained both lower molecular weight organics and
higher molecular weight organics than the other two surface waters, which may be due to the
ozonation process. The three surface waters shared two molecular weight ranges and the
differences in relative abundance for those ranges has been graphically summarized in Figure 19.
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Table 4: Organic Water Quality Parameters
Olinda WTP
Bulk Water

Lake Manatee WTP
Bulk Water

Dyal WTP
Bulk Water

DOC
(mg/L)

2.78

4.00

3.55

UV254
(cm-1)

0.050

0.075

0.065

Color
(CU)

5

0

1

1,330 – 54%

1,350 – 60%

1,660 – 46%

1,740 – 40%

148,830

175,540

Parameter

EEM

SEC (Da)*

SEC (Total
Peak Area)

*Percentage value is calculated relative abundance of molecular weight in sample
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Figure 19: Relative Abundance Molecular Weight Comparison
Chloramine Stability Findings
Total chlorine and monochloramine residual decay graphs were developed using the
experimental data gathered for the three waters utilized. Black dots represent the residual decay
for the chlorine then ammonia dosing experiments and gray squares represent the residual decay
for the ammonia then chlorine dosing experiments. The Olinda WTP water experienced a residual
decay of approximately 2.5 mg/L after 240 hrs of incubation. As shown in Figure 20, a significant
difference was not identified between the residual decays of the two dosing sequences examined.
Both dosing sequences exhibited stable residuals, with total chlorine and monochloramine
concentrations dropping by 1 mg/L between 28 hrs and 192 hrs of incubation. While free ammonia
was approximately 0.05 mg/L at 24 hrs of incubation for both dosing sequences, it increased with
incubation time. Under the chlorine then ammonia dosing scheme, the free ammonia concentration
was 0.3 mg/L after 70 hrs and 0.6 mg/L after 240 hrs. Under the ammonia then chlorine scheme,
the free ammonia concentration was 0.2 mg/L after 70 hrs and 0.4 mg/L after 240 hrs.
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Figure 20: Olinda WTP Total Chlorine & Monochloramine Decay
The Lake Manatee WTP water experienced a residual decay of approximately 3.5 mg/L
after 240 hrs of incubation. As shown in Figure 21, a significant difference was not identified
between the residual decays of the two dosing sequences examined. In contrast with the Olinda
WTP water, the residual concentration steadily decayed with time for the entire 240 hrs of
incubation under both dosing sequences. The free ammonia concentration at 24 hrs, 70 hrs, and
240 hrs was approximately 0.05 mg/L, 0.3 mg/L, and 0.5 mg/L, respectively. Free ammonia
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concentration differences were not found between the two dosing sequences for the Lake Manatee
WTP water.
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Figure 21: Lake Manatee WTP Total Chlorine & Monochloramine Decay
The Dyal WTP water experienced a residual decay of approximately 3.8 mg/L for the
chlorine then ammonia dosing scheme and 5.1 mg/L for the ammonia then chlorine dosing scheme
after 240 hrs of incubation. As shown in Figure 22, a significant difference was identified between
the residual decays of the two dosing sequences examined. In contrast with the previous two
surface waters, the residual decayed rapidly within the first 24 hrs and then stabilized and remained
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fairly constant for the remainder of the incubation time. The free ammonia concentration at 24 hrs,
70 hrs, and 240 hrs was approximately 0.05 mg/L, 0.7 mg/L, and 0.7 mg/L, respectively under
both dosing sequences.
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Figure 22: Dyal WTP Total Chlorine & Monochloramine Decay
Based on the residual decay results and organic type data for the three waters, it is
hypothesized that organic type plays a significant role in the stability and behavior of chloramine
residuals under the different dosing sequences investigated. The Olinda WTP and Lake Manatee
WTP waters had similar organic type characteristics and no significant residual decay differences
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were identified between the two dosing sequences investigated. On the other hand, the Dyal WTP
water had different organic type characteristics and residual decay differences were identified
between the two dosing sequences investigated. The organic content differences between the
waters could explain the differences in overall residual decays and residual decay rates.
NDMA Formation Findings
Table 5 summarizes the compiled NDMA data for this study, with simulated and
distribution system values for each surface water. While a change in NDMA formation caused by
changing the chemical addition sequence was not apparent for the Olinda WTP and Lake Manatee
WTP waters, a significant change was seen for the Dyal WTP water. This inconsistency in results
was also shown in the work by Huang and colleagues (2017) when synthetic water and wastewater
effluent was used to assess the effect chemical addition sequence had on the formation and
speciation of haloacetamides and haloacetonitriles. The NDMA formation potential for the Lake
Manatee WTP water was slightly higher than the Olinda WTP water, which could be explained by
the difference in organic content between the waters. The Dyal WTP water saw a 20 ng/L NDMA
formation potential increase when ammonia was added ahead of chlorine for disinfection. In a
similar fashion to chloramine residual stability, organic type seems to play role in NDMA
formation potential. The difference in Cocoa distribution system NDMA levels and Dyal WTP
simulated levels is thought to be due to a reduction in NDMA formation potential from the
filtration step that occurs after the bulk water sample point.
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Table 5: NDMA Sampling & NDMA Formation Results
Olinda
WTP
Simulation

Upper Kula
Distribution
System

Manatee
WTP
Simulation

Manatee
Distribution
System

Dyal WTP
Simulation

Cocoa
Distribution
System

Chlorine
then
Ammonia

3.9

N/A

4.5

N/A

35

3

Ammonia
then
Chlorine

3.3

4

5.2

4
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N/A

Effect of Enhancing or Suppressing DBP Formation on 7-Day Formation Potentials
The purpose of this study was to develop and assess a novel post-treatment DBP control
process, with a focus on HAA5 control given the understanding that increased aeration duration or
frequency could control TTHM. The method was established by analyzing the initial formation
rate, aeration efficiency, post-treatment formation rate, and 7-day concentration for TTHM and the
initial formation rate and 7-day concentration for HAA5. The TTHM and HAA5 initial formation
rate was associated with the first 3 hrs of contact time with chlorine. The optimum option for each
treatment scheme was selected and incorporated with the subsequent treatment scenarios
investigated. The novel post-treatment DBP control process was developed using Olinda WTP
water, and assessed for its general applicability to surface waters using Pi’iholo WTP water, Lake
Manatee WTP water, and Dyal WTP water.
Novel Post-Treatment DBP Control Process Development
The pertinent analyzed data for each treatment scheme investigated has been summarized
in Table 6. Under baseline conditions, the Olinda WTP water had a TTHM and HAA5 formation
potential of 206 ppb and 191 ppb, respectively. Subsequent treatment scenarios achieved a

59

reduction in HAA5 7-day concentrations, with the most significant reduction occurring by
elevating the pH to 10 during the first 3 hrs of contact time with chlorine. Although sulfate addition
and UV irradiation did not significantly affect the 7-day concentration for TTHM, it did affect the
initial formation rate and aeration efficiency. Similarly to the HAA5 data, the most significant
reduction in 7-day TTHM concentration was a result of elevating the pH to 10 during the first 3
hrs of contact time with chlorine. Treatment with the novel process increased 7-day chlorine
consumption by 1 mg/L. The developed novel post-treatment DBP control process achieved a 7day concentration reduction of 36% for TTHM and 39% for HAA5 (Figure 23).

HAA5

TTHM

Table 6: Pertinent Olinda WTP DBP Control Process Data
Parameter

Baseline

Varying pH Winner
(pH 10 incubation)

Varying SO4 Winner
(50 mg/L addition)

UV Irradiation Winner
(Pre-UV)

Initial
Formation Rate
(ppb/hr)

30.5

40.6

39.7

51.4

Aeration
Efficiency
(ppb/hr)

N/A

43.0

41.7

57.1

Post-Aeration
Formation Rate
(ppb/hr)

N/A

5.2

5.3

5.6

7-day
Concentration
(ppb)

206

132

138

131

Initial
Formation Rate
(ppb/hr)

33.6

23.6

23.7

16.1

7-day
Concentration
(ppb)

191

131

124

116

*N/A – Not applicable
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7-Day DBP Formation Potentials
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Figure 23: Olinda WTP DBP Control Process Results
Novel Post-Treatment DBP Control Process Assessment
The developed novel post-treatment DBP control process was assessed for its applicability
as a general DBP control tool for surface waters using three additional surface water. The results
of the experiments with the Pi’iholo WTP water have been summarized in Table 7. The treatment
enhanced initial TTHM formation by a factor of approximately 1.6 and suppressed initial HAA5
formation by a factor of about 2. The treatment successfully reduced TTHM concentrations via
aeration to approximately 10 ppb and reduced post-aeration formation potential rate. Treatment
with the novel process did not affect 7-day chlorine consumption. The developed novel posttreatment DBP control process achieved a 7-day concentration reduction of 40% for TTHM and
25% for HAA5 (Figure 24).
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HAA5

TTHM

Table 7: Pertinent Pi’iholo WTP DBP Control Process Data
Parameter

Baseline

Novel Post-Treatment
DBP Control Process

Initial
Formation Rate
(ppb/hr)

15.8

24.5

Aeration
Efficiency
(ppb/hr)

N/A

31.2

Post-Aeration
Formation Rate
(ppb/hr)

N/A

2.9

7-day
Concentration
(ppb)

145.5

86.8

Initial
Formation Rate
(ppb/hr)

16.1

7.8

7-day
Concentration
(ppb)

91.9

68.6

*N/A – Not applicable

7-Day DBP Formation Potentials
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Figure 24: Pi’iholo WTP DBP Control Process Results
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A significant background concentration of HAA5 (~50 ppb) was found in the Lake Manatee
WTP water, probably due to the pre-chlorination practice for algal growth control the WTP
utilizes. To better assess the treatment process’s impact on DBP formation control, this background
HAA5 level was removed prior to data analysis by treating the baseline value as a new “0” datum.
The experimental results for the Lake Manatee WTP water have been summarized in Table 8. The
treatment enhanced initial TTHM formation by a factor of approximately 1.8 and suppressed initial
HAA5 formation by a factor of about 1.6. The treatment successfully reduced TTHM
concentrations via aeration to approximately 10 ppb and reduced post-aeration formation potential
rate. Treatment with the novel process increased 7-day chlorine consumption by 1 mg/L. The
developed novel post-treatment DBP control process achieved a 7-day concentration reduction of
57% for TTHM and 47% for HAA5 (Figure 25).

HAA5

TTHM

Table 8: Pertinent Lake Manatee WTP DBP Control Process Data
Parameter

Baseline

Novel Post-Treatment
DBP Control Process

Initial
Formation Rate
(ppb/hr)

29.4

54.1

Aeration
Efficiency
(ppb/hr)

N/A

81.4

Post-Aeration
Formation Rate
(ppb/hr)

N/A

3.7

7-day
Concentration
(ppb)

249

106

Initial
Formation Rate
(ppb/hr)

37.0

22.7

7-day
Concentration
(ppb)

218

114

*N/A – Not applicable
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Figure 25: Lake Manatee WTP DBP Control Process Results
Although this WTP also practiced pre-chlorination for algal growth control, no significant
background level of HAA5 was found. The experimental results for the Dyal WTP water have been
summarized in Table 9. The treatment enhanced initial TTHM formation by a factor of
approximately 2.2 and suppressed initial HAA5 formation by a factor of about 1.5. The treatment
successfully reduced TTHM concentrations via aeration to approximately 10 ppb and reduced
post-aeration formation potential rate. Treatment with the novel process decreased 7-day chlorine
consumption by 1 mg/L. The developed novel post-treatment DBP control process achieved a 7day concentration reduction of 41% for TTHM and 20% for HAA5 (Figure 26).

64

HAA5

TTHM

Table 9: Pertinent Dyal WTP DBP Control Process Data
Parameter

Baseline

Novel Post-Treatment
DBP Control Process

Initial
Formation Rate
(ppb/hr)

32.7

71.1

Aeration
Efficiency
(ppb/hr)

N/A

90.2

Post-Aeration
Formation Rate
(ppb/hr)

N/A

5.8

7-day
Concentration
(ppb)

296

176

Initial
Formation Rate
(ppb/hr)

22.1

14.8

7-day
Concentration
(ppb)

132

110

*N/A – Not applicable

7-Day DBP Formation Potentials
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Figure 26: Dyal WTP DBP Control Process Results
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The novel post-treatment DBP control process was able to reduce both 7-day TTHM and
HAA5 concentrations by at least 20% for four surface waters. Formation potential data for each
surface water was analyzed to determine the percentage of DBP formed within the first 24 hrs and
the subsequent 144 hrs of the 7-day incubation period for baseline and treatment conditions.
Regardless of water type, 65% to 75% of TTHM formation and 58% to 77% of HAA5 formation
occurred within the first 24 hrs of incubation for the baseline scenario. Treatment with the new
process shifted the formation of TTHM and HAA5 within the first 24 hrs to 43% to 49% and 77%
to 98%, respectively. The shift in TTHM indicated that the treatment was able to reduce the
fraction of rapidly reacting organics through the enhanced formation and subsequent removal of
TTHM, leaving more recalcitrant organics left which slow down overall formation rates. The shift
in HAA5 formation shows that if adequate control and levels are achieved within the first 24 hrs
then compliance is possible in a 7-day system. Although the treatment reduced DBP for the four
waters, the 7-day concentrations remained above regulatory levels.
Effect of Disinfectant Type Transitions on Corrosion Rates of Distribution System Metals
The purpose of this study was to investigate the effect transitioning between two
disinfectants had on common distribution system metal corrosion rates. For the chloramine system
corrosion rack, the coupons and probes were acclimated to chloramine disinfection before going
through chlorine disinfection transitions. For the chlorine system corrosion rack, the coupons and
probes were acclimated to chlorine disinfection prior to chloramine disinfection transitions. Photos
of the coupons and probes from both corrosion racks taken upon completion of the study are
compiled in Table 10. The mild steel coupons and probes formed significant tuberculation layers,
with slight differences in the structure of the tuberculation layer formed at each corrosion rack
visible. In contrast, copper and lead solder coupons and probes formed little to no layer, with the
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exception of the chloramine system corrosion rack copper coupon and probe. Upon exposure of
the copper coupons and probes to air, the metal turned slightly green from the oxidation of the
copper corrosion layer at both corrosion rack sites.
LPR Findings
For the chloramine system corrosion rack, baseline corrosion rates were established after
approximately 120 days for the three metals studied. In addition to the unusually long time for a
baseline to develop, the unusual shape of the copper baseline corrosion rate curve is theorized to
be attributed to the high organic acid content of the Olinda WTP finished water. It is hypothesized
that an organic layer formed around the copper probe and insulated the metal initially from the
water’s corrosivity. While this layer seems to have slowly been removed, it seems to have also
aided in passivating the metal surface (along with common corrosion layer processes) to establish
a baseline corrosion rate. This observation has been noted by others, where natural organic matter
has been shown to inhibit the growth of the passivating layers and rather promotes the formation
of amorphous hydrated surface films (Broo, et al., 1999; Korshin, et al., 2000). Average baseline
corrosion rates were calculated to be 1.5 mpy for mild steel, 0.3 mpy for copper, and 0.4 mpy for
lead solder for the chloramine system.
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Table 10: Corroded Coupon & Probe Photographs
Corrosion
Rack

Metal

Coupon

Mild
Steel

Olinda WTP

Copper

Lead
Solder

Mild
Steel

Harry Fields
Control

Copper

Lead
Solder

Mild
Steel

Harry Fields
Test

Copper

Lead
Solder
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Probe

In total, four transitions to free chlorine were conducted in the study at the Olinda WTP
corrosion rack. The free chlorine transitions lasted on average 19 days each. The post-disinfectant
transitions baseline took approximately 95 days to be established. The baseline took longer than
expected to establish because the excessive tuberculation on the mild steel probes caused faulty
readings and required the probe to be cleaned. Disinfectant type transitions did not cause a change
in the measured corrosion rates for the copper and lead solder metal probes. In comparison, the
mild steel probe measured corrosion rate at least doubled each time the disinfectant type was
switched from chloramine to chlorine. The increased mild steel corrosion rate appeared to remain
below the total chlorine residual concentration measurements. Although the mild steel corrosion
rate returned to baseline levels after each conversion back to chloramine, the last disinfectant
transition found that the corrosion rate did not return to baseline after the probes were exposed to
approximately 5 mg/L of total chlorine residual. A new mild steel baseline, approximately 2.5
times higher than the original baseline, seemed to be reached but cannot be confirmed as the
excessive tuberculation on the probe was causing interference with the LPR readings. The mild
steel probe was removed, cleaned, and re-inserted and the corrosion rate measured for several days
and found that the corrosion rate returned to the original baseline rate. The LPR results for the
chloramine system corrosion study can be found on Figure 27 for mild steel, Figure 28 for copper,
and Figure 29 for lead solder.
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Figure 27: Chloramine System Mild Steel LPR Results
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Figure 28: Chloramine System Copper LPR Results
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Figure 29: Chloramine System Lead Solder LPR Results
For the chlorine system corrosion rack, baseline corrosion rates were established after
approximately 90 days for the three metals studied. In comparison to the chloramine system
corrosion rack results, a traditional shape for the copper baseline corrosion curve was observed.
This was attributed to the lower organic acid content of the Pi’iholo WTP finished water. The mild
steel baseline corrosion curve at the chlorine system corrosion rack was found to be more erratic
than the chloramine system corrosion rack. This behavior is thought to be related to the daily free
chlorine residual concentration fluctuations at the distribution system site where the rack was
installed. Average baseline corrosion rates were calculated to be 1.8 mpy for mild steel, 0.4 mpy
for copper, and 0.2 mpy for lead solder for the chlorine system.
In total, five transitions to monochloramine were conducted throughout the study at the
chlorine system corrosion rack. The monochloramine transitions lasted on average 19 days each.
The fifth monochloramine transition, which included soda ash addition, lasted approximately 32
days. The post-disinfectant transitions baseline took approximately 21 days to be established.
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Disinfectant type transitions did not cause a change in the measured corrosion rates for the copper
and lead solder metal probes. In comparison, the mild steel probe measured corrosion rate
increased by approximately 0.45 mpy each time the disinfectant type was switched to chloramine.
Although the measured mild steel corrosion rate increased when the disinfectant was changed to
chloramine, it returned to baseline levels after each conversion back to chlorine. The addition of
soda to boost the pH to 8.8 during monochloramine conversion did not impact the increase in
corrosion rate due to the change in disinfectant, nor the ability to return to baseline corrosion rate
levels. Comparing the chlorine system corrosion rack LPR data with the chloramine system
corrosion rack LPR data, on average, mild steel was 0.3 mpy higher, copper was 0.1 mpy higher,
and lead solder was 0.2 mpy lower. The LPR data for the chlorine system corrosion study can be
found on Figure 30 for mild steel, Figure 31 for copper, and Figure 32 for lead solder.
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Figure 30: Chlorine System Mild Steel LPR Results
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Figure 31: Chlorine System Copper LPR Results
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Figure 32: Chlorine System Lead Solder LPR Results
RTW Model Findings
Given the Olinda WTP finished water is already at pH 8.8, average Upper Kula water
quality parameters were used in the RTW model for the chloramine system corrosion study. The
RTW model found that to achieve a pH of 8.8 in the system, either 0.35 mg/L of soda ash or 0.12
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mg/L of slaked lime could be added. The addition of either pH adjustment chemical only slightly
improved the calculated LSI value (-1.08 to -0.90), but still remained slightly negative and thus
corrosive to metal components in the water system. For the chlorine system corrosion study,
average Lower Kula water quality parameters were used in the RTW model. Results from the
RTW model found that to achieve a pH of 8.8 in the system, either 1.4 mg/L of soda ash or 0.49
mg/L of slaked lime could be added. The addition of either pH adjustment chemical only slightly
improved the calculated LSI value (-1.31 to -0.87 and -1.31 to -0.81, respectively), but still
remained slightly negative and thus corrosive to metal components in the water system. While the
finished water in both systems is corrosive, the corrosion rack LPR results found that copper and
lead solder corrosion levels are low. The results from the modeling software indicate that further
alkalinity adjustments for corrosion control are not feasible for both water systems and alternative
corrosion control methods should be explored to reduce mild steel corrosion if desired.
Weight Loss Findings
The copper and lead solder coupons were sent to a Metal Samples, Inc. for weight loss and
pitting analysis to corroborate the LPR findings. Corrosion rates in mpy can be calculated using
metal coupons by factoring in weight loss, metal density, surface area, exposure time, and a
conversation factor. Weight loss analysis includes pre-clean and post-clean weighing, comparison
of the post-clean weight and virgin metal weight, and pitting analysis. The pre-clean and postclean weighing results correlated with the findings from the pictures that tuberculation was not
found on the copper and lead solder coupons.
With respect to the chloramine system corrosion rack, the corrosion rates calculated using
the coupons were found to be 0.17 mpy for copper and 0.05 mpy for lead solder, both lower than
the average LPR measurement. In a similar fashion, the chlorine system corrosion rack calculated
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corrosion rates were also lower than their LPR measured counterparts, at approximately 0.16 mpy
for copper and 0.04 mpy for lead solder. Pitting was only detected on the chloramine system
corrosion rack copper coupon, with a max pit depth of 4 mpy. A summary of the weight loss results
can be found in Table 11. The results show the importance of both corrosion methods for corrosion
studies; LPR corrosion rate measurements tend to be less accurate but provide instantaneous
insight to changes in corrosion rate trends, while weight loss calculated corrosion rates tend to be
more accurate but cannot provide instantaneous insight to changes in corrosion rate trends.
Table 11: Copper & Lead Solder Coupon Weight Loss Results
Corrosion
Rack

Olinda WTP

Harry Fields
Control

Harry Fields
Test

Metal

Weight Loss (g)

Corrosion Rate (mpy)

Pitting (Y/N)

Copper

0.0982

0.1706

Y

Lead
Solder

0.0382

0.0512

N

Copper

0.0825

0.1708

N

Lead
Solder

0.0271

0.0432

N

Copper

0.0765

0.1584

N

Lead
Solder

0.0223

0.0356

N

SEM/EDX Findings
The morphology and elemental characteristics of the mild steel coupon tuberculation layer
were analyzed at the UCF Materials Characterization Facility to corroborate the photographed
differences found among the tuberculation layer shapes between the chloramine system corrosion
rack and chlorine system corrosion rack. The SEM images and EDX elemental results have been
75

summarized in Table 12. Looking at the SEM images, it is apparent that there exist distinct
differences in the surficial morphology of the tuberculation layer formed at the chloramine system
and chlorine system corrosion rack’s mild steel coupons. The chloramine system mild steel
tuberculation layer appears dense and compacted, similar to dry lumpy clay. In contrast, the
chlorine system mild steel tuberculation layers appear to be grainier and light, similar to moist soil
or sand. Between the chlorine system control side and test side mild steel tuberculation layers, the
test side seems to be closer to moist sand and the control side closer to moist soil.
The differences between the mild steel tuberculation layers formed at the chloramine
system and chlorine system corrosion racks is further confirmed through the EDX analysis. The
EDX results found that the chloramine system mild steel tuberculation layer was composed of 23%
carbon, signifying the presence of organic matter within the layer. Trace amounts of silica were
also found, but were expected as Olinda WTP finished water contains silica due to the volcanic
rocks found in the watershed. With respect to the EDX results for the chlorine system mild steel
coupons, the analysis did not detect carbon on the control coupon but did detect carbon on the test
coupon. This could be attributed to potential nitrification bacteria proliferation on the test side of
the corrosion rack since it was exposed to ammonia addition to form chloramines during
disinfectant transitions. The slightly higher levels of silica in on the tuberculation layers of both
the test and control coupons at the chlorine system site can be attributed to the higher silica content
of the Pi’iholo WTP finished water. While tuberculation of the mild steel coupons occurred at both
corrosion racks, the apparent differences in the shape of the tuberculation layers were confirmed
through SEM/EDX. The results indicate that the formation of tubercles within the chloramine
system may be organic/biologically driven, while in the chlorine system may be inorganically
driven.
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Table 12: Mild Steel Coupon SEM/EDX Results
Coupon
Name

SEM Image

EDX Results
(weight %)

Olinda
Mild Steel

Carbon – 23.0 %
Oxygen – 16.5 %
Aluminum – 0.0 %
Silica – 0.6 %
Iron – 59.9 %

Harry Fields
Mild Steel
Control

Carbon – 5.5 %
Oxygen – 14.9 %
Aluminum – 0.4 %
Silica – 0.9 %
Iron – 78.3 %

Harry Fields
Mild Steel
Test

Carbon – 18.4 %
Oxygen – 14.6 %
Aluminum – 0.0 %
Silica – 1.4 %
Iron – 65.6 %
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CHAPTER 6: SUMMARY & CONCLUSIONS
Biomonitoring with ATP Bioluminescence
Microbial monitoring of water systems is an important line of defense safeguarding the
public from involuntary exposure to pathogens. Given that traditional methods for microbial
monitoring are time intensive, the lag in response times to potential contamination could put the
public at risk. This study investigated the validity of ATP bioluminescence as a microbiological
activity surrogate for a water system due to its fast response time. Sample sites within a watershed,
two WTPs, and two distribution system were selected and monitored on average four times a year
from 2012 to 2018.
The data indicates that infrastructure improvements, season, flowrate, and disinfectant type
play important roles in the level of detectable microbial activity in water using microbial ATP. A
model for predicting Microbial ATP, with an adjusted R2 of 84% at a 95% confidence level, was
developed for the watershed utilizing pH, temperature, and alkalinity data (Equation 1). The
chloramine system generally had higher levels of microbial ATP than the chlorine system
investigated. The higher instances of microbial ATP outliers and variability of microbial ATP data
for the chloramine system is theorized to be due to nitrification incidents within the system.
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑅𝑅𝑅𝑅𝑅𝑅) = (277 ∗ 𝑝𝑝𝑝𝑝) + (54.8 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) − (137 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) − 2,065

(1)

Distribution system microbial ATP data for both the chlorine and chloramine system also

alluded to the significance flow regime may play in microbial ATP levels in water. It is
hypothesized that both stagnant flow and high flow conditions produce low water microbial ATP
numbers, while low flow conditions have larger water microbial ATP numbers. It is important to
note that high flow conditions lead to the development of thin and dense biofilms and that changes
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in flow rates can cause biofilm sloughing. The sloughing of biofilm can lead to elevated levels of
microbial ATP in water, but an increase in biofilm formation or activity does not mean and increase
in bulk water microbial activity.
Results from this study indicate that ATP bioluminescence could be used as a microbial
activity screening procedure if a water system baseline is established. As it stands today,
technological limitations render the technology unreliable in terms of detecting a specific pathogen
or predicting its presence, but it can readily detect changes in microbial activity. Thus, this
technology may be advantageous as a tool to identify potential microbial activity changes within
a system for further investigation. Once suspect locations are identified, current microbial
monitoring methods (HPC) or new methods such as flow cytometry could be used to determine if
the change in microbial activity level is benign or pathogenic. As the cost of ATP bioluminescence
continues to drop, this new tool could help reduce laboratory costs for utilities as well as improve
the level of protection and response time for potential pathogenic contamination in potable water
systems. Once a robust ATP baseline is established, models using basic water quality parameters
could also be used to further decrease the laboratory costs for utilities. ATP bioluminescence
technology shows promise and utility for the water industry but would require regulatory
guidelines for proper implementation in the future.
Chloramine Stability & NDMA Formation
Chloramine disinfection is used to maintain distribution system disinfectant residuals while
maintaining DBP control. Although most WTP utilize chlorine as the primary disinfectant and
then add ammonia in line to convert to chloramines for secondary disinfection, some WTP add
ammonia prior to chlorine in line and use chloramines for both primary and secondary disinfection.
Most research into chloramine stability and NDMA formation has been focused on pre-
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chlorination then chloramination modelled by the addition of chlorine ahead of ammonia and
chloramination modelled by the addition of pre-formed chloramines. This study utilized the
addition of chlorine then ammonia and ammonia then chlorine for chloramine formation to better
represent in-line chemical additions at WTP.
The results indicate that both overall organic content and organic speciation play a role in
the stability of chloramine residuals under the two dosing sequences. Both the Olinda WTP water
and Lake Manatee WTP water had similar molecular weight distributions (SEC), with the Olinda
WTP water containing slightly more fluorescence compounds (EEM) but less overall organic
content (DOC & UV254) than the Lake Manatee WTP. The Dyal WTP water had more fluorescence
compounds and a more varied molecular weight distribution than the two other waters, but more
organic content than the Olinda WTP water and less than the Lake Manatee WTP water.
For the Lake Manatee and Olinda WTP experiments, there was no significant difference in
chloramine stability (measured by chloramine decay curves) between the two dosing sequences.
The Lake Manatee WTP water disinfectant decay curve had a larger slope than the Olinda WTP
water disinfectant decay curve, with the Olinda WTP water graph seeming to plateau during a
portion of the incubation period. The Dyal WTP water disinfectant decay curve exhibited a
significant initial drop in disinfectant concentration then plateaued and remained fairly constant
for the remainder of the experiment. Out of the waters investigated, the Dyal WTP water under the
ammonia then chlorine dosing scheme had the largest disinfectant residual decay over the 240 hrs,
followed by the Dyal WTP water under the chlorine then ammonia dosing scheme, the Manatee
WTP water under either dosing sequence, and finally the Olinda WTP water under either dosing
scheme. The disinfectant decay curves found using the Olinda WTP water and Dyal WTP water
were atypical (plateau sections), which may signify the occurrence of organic chloramines. Simple
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techniques for detecting the formation and concentration of organic chloramines are needed to
determine if these compounds affect the disinfectant decay curves for these waters.
The Lake Manatee WTP water had two times more organic content than the Olinda WTP
water, yet formed approximately the same amount of NDMA at a 7-day incubation period. The
Dyal WTP water was treated through an advanced oxidation process (ozone) and formed more
NDMA at a 7-day incubation period than the other two waters investigated which were not treated
using advanced oxidation processes. Of the waters investigated, the Dyal WTP water showed a
significant difference in NDMA formation potential under the two dosing sequences, with the
ammonia then chlorine sequence forming 20 ng/L more NDMA than the chlorine then ammonia
sequence. The study findings indicate that biological stabilization processes may decrease NDMA
formation potential while advanced oxidation processes may increase NDMA formation potential.
TTHM & HAA5 Control
DBP, formed when organics react with disinfectants in water, are potential carcinogenic
compounds and some are regulated under the SDWA. TTHM and HAA5 are two types of regulated
DBP that are commonly associated with chlorine disinfection. Traditional methods for controlling
the formation of these compounds includes the removal of organic matter through GAC (costly),
removal of TTHM via aeration, and removal of HAA5 via biodegradation (time intensive). This
study focused on developing and evaluating a novel post-treatment DBP control process which
utilized sulfate, UV irradiation, pH, and aeration to suppress HAA5 formation and enhance the
formation and subsequent removal of TTHM to compress 7-day DBP formation potentials for 4
surface waters.
The process utilized 50 mg/L of sulfate addition, 1 hr of UV irradiation, 3 hrs of pH 10
incubation and 2 hrs of aeration followed by room temperature incubation to assess the process’s
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effect on 7-day TTHM and HAA5 formation potentials. For the Olinda WTP water, the process
was able to reduce TTHM by 36% and HAA5 by 39%. For the Pi’iholo WTP water, the process
was able to reduce TTHM by 40% and HAA5 by 25%. For the Lake Manatee WTP water, the
process was able to reduce TTHM by 57% and HAA5 by 47%. Finally for the Dyal WTP water,
the process was able to reduce TTHM by 41% and HAA5 by 20%.
Findings suggest that the two most significant steps in the process in terms of DBP control
were the 3 hrs of pH 10 incubation and 2 hrs of aeration. Analysis of the formation curve data
indicate that if DBP control is achieved within the first 24 hrs, continued control is achievable in
a 7-day period. Although the novel post-treatment DBP control process did reduce TTHM and
HAA5 formation potentials for the 4 surface waters investigated, the 7-day DBP concentrations
remained above regulatory values in each case. The process could be modified to include more
aeration time or more aeration cycles to reduce 7-day TTHM concentrations. Additional
technologies that focus on organic removal, longer elevated pH incubation time, or a combination
of both may be required to further reduce 7-day HAA5 concentrations.
Disinfectant Type Transitions Corrosion Study
Corrosion control is an important aspect of water treatment as it can lead to a plethora of
complaints and even human health impacts if not properly addressed. A corrosion study was
conducted to determine the effect of disinfectant change on corrosion rates of common distribution
system metals within a chlorine and chloramine water system. Two corrosion racks were built to
test the effect on corrosion rates for (1) metals acclimated to chlorine disinfection and changed to
chloramines, (2) metals acclimated to chloramine disinfection and changed to chlorine.
For the chloramine system (Olinda WTP corrosion study), average baseline measured
corrosion rates were 1.5 mpy for mild steel, 0.3 mpy for copper, and 0.4 mpy for lead solder.
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Conversion to chlorine disinfection did not have an effect on copper and lead solder corrosion
rates, but did increase the mild steel corrosion rate significantly. The increase in the mild steel
corrosion rate under chlorine disinfection was positively correlated to the total chlorine residual
concentration. The threshold total chlorine residual concentration past which mild steel corrosion
rates did not return to baseline after switching back to chloramines was 5.0 mg/L as Cl2. In
addition, the unusual copper baseline corrosion curve shape was theorized to be due to high organic
acid content forming a protective layer on the metal surface. The weight-loss based calculated
corrosion rates for the copper and lead solder coupons were found to be lower than the LPR
measurements. The SEM/EDX analysis of the tuberculation layer on the mild steel coupon found
that its structure and appearance could be attributed to biological influences.
For the chlorine system (Harry Fields corrosion study), average baseline measured
corrosion rates were 1.8 mpy for mild steel, 0.4 mpy for copper, and 0.2 mpy for lead solder.
Conversion to chloramine disinfection did not have an effect on copper and lead solder corrosion
rates, but did increase the mild steel corrosion rate by approximately 0.45 mpy. The increase in
the mild steel corrosion rate under chloramine disinfection was not permanent, and baseline
corrosion rates were measured after each switch back to chlorine. This observation has been noted
by others (LeChevallier, et al., 1993). The weight-loss based calculated corrosion rates for the
copper and lead solder coupons were found to be lower than the LPR measurements. The
SEM/EDX analysis of the tuberculation layer on the control mild steel coupon found that its
structure and appearance could be attributed to inorganic influences, while the test mild steel
coupon could have been biologically altered due to the introduction of ammonia and potential
nitrification to that side of the corrosion rack.
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The findings from this study not only shed light on the morphological and elemental
differences of tuberculation layers from a chlorine and chloramine system, but also elucidates the
sensitivity of corrosion rates to changes in disinfectant type. This is particularly important for
chloramine systems which practice regular chlorine maintenance transitions to control nitrification
problems in their distribution systems, as well as chlorine systems that undergo periods of
chloramine disinfection seasonally for DBP control purposes. As was shown in this study,
sometimes a change in disinfectant type can cause a permanent and negative corrosion rate change,
with the threshold parameter, for this case, being the total chlorine residual concentration the metal
was exposed to.
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CHAPTER 7: RECOMMENDATIONS
•

Once a microbial ATP baseline is established, ATP bioluminescence could be used as a
surrogate tool to monitor biological activity within drinking water systems.
o Abnormal microbial ATP values should be treated as contamination points with
proper protocol followed for public safety.
o Abnormal microbial ATP values could be corroborated using HPC or flow
cytometry to ascertain type of contamination (benign or malignant).
o ATP bioluminescence should provide better response times to contamination
events in water systems, improving public safety and welfare.

•

Chloramine stability and NDMA formation under differing chemical addition sequences
could be affected by organic water quality parameters.
o Chloramine stability and NDMA formation is affected by organic quantity as well
as organic speciation.
o Biological stabilization may suppress NDMA formation while advanced oxidation
processes may promote NDMA formation.

•

The novel post-treatment DBP control process can reduce 7-day TTHM and HAA5
formation potentials for various surface waters.
o Effectiveness of treatment for TTHM and HAA5 control differed, with elevated pH
incubation and aeration contributing the most to control.
o Implementation of the pH and aeration process would require minimal
infrastructure changes within an existing WTP process (chemical addition
location(s) and aeration system).
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o Optimization of process required to reduce TTHM and HAA5 formation potentials
below regulated levels.
•

Disinfectant type transitions can have detrimental effects on the corrosion rate of mild steel
in water distribution systems.
o Total chlorine levels should be monitored during disinfectant transitions to
minimize negative impacts and prevent irreversible increases in corrosion rates.

Future Work
•

ATP Bioluminescence in Water Systems
o Use microbial ATP to determine the impact of reservoir depth on microbial activity.
o Correlate microbial ATP to HPC or flow cytometry data for a chlorine and
chloramine water system.
o Develop more robust microbial ATP models to allow for interchangeability with
different water systems (standardized microbial ATP scale).

•

Chloramine Stability and NDMA Formation
o Duplicate chlorine then ammonia and ammonia then chlorine experiments and
monitor organic chloramine formation (might explain plateaus in decay graphs).
o NDMA formation potential curves for natural waters treated with advanced
oxidation processes vs. no advanced oxidation process (O3, UV, ClO2, etc.).
o NDMA formation potential curves for natural waters that have been biologically
stabilized vs not biologically stabilized.

•

Novel Post-Treatment DBP Control Process
o A potential linear relationship between TTHM formation time compression and
decrease in 7-day TTHM concentration should be further investigated (Figure 33).
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Additional studies varying formation time compression could help identify an
optimum formation compression time for adequate TTHM control at minimum
costs.


Where TTHM formation time compression refers to the enhancement of the
TTHM formation rate by the treatment process.



TTHM formation time compression is calculated by measuring the peak
pre-aeration treatment TTHM concentration (in this case t = 3 hrs),
determining the time required for the baseline to achieve that same TTHM
concentration (e.g. t = 8 hrs), and calculating the difference in the times
(how much faster the TTHM concentration was achieved due to treatment).
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Figure 33: TTHM Formation Compression Relationship
o A potential linear relationship between initial HAA5 formation rate decrease and
decrease in 7-day HAA5 concentration should be further investigated (Figure 34).
Additional studies varying the suppression contact time duration could help identify
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an optimum suppression contact time duration for adequate HAA5 control at
minimum costs.


Where initial HAA5 formation rate decrease refers to the suppression of the
HAA5 formation rate by the treatment process within the first 3 hrs of
contact time.



Initial HAA5 formation rate decrease is calculated by subtracting the HAA5
formation rate during the first 3 hrs of contact time of the baseline (e.g. r =
20.0 ppb/hr) from the treatment (e.g. r = 15.0 ppb/hr).
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Figure 34: HAA5 Formation Rate Suppression Relationship
•

Disinfectant Type Transitions Corrosion Study
o Determine which factor is more impactful in terms of corrosion rate changes –
frequency of disinfectant transitions, number of disinfectant transitions, duration of
disinfectant transitions, or water quality changes (e.g. total chlorine concentration).
o Duplicate disinfectant type transitions mild steel corrosion studies should be
conducted to further investigate:
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Changes in corrosion layer morphology and elemental characteristic with
each disinfectant type transition completed (SEM/EDX).



Water dissolved and total iron content with each disinfectant type transition
completed (ICP).



Water microbial activity with each disinfectant type transition completed
(ATP Bioluminescence).
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APPENDIX A: WATER QUALITY METHODS
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Table 13: Water Quality Methods

Parameter

Standard Methods,
USEPA Method, or
HACH Method
Reference Number

Instrument

Sample Preparation

Alkalinity

Standard Methods
2320

Fisherbrand accumet XL150

None

Anions – Br, Cl, NO2, NO3, SO4

Standard Methods
4110

Dionex
ICS-1100

0.2 µm membrane filter

ATP – Total, Free, Microbial

N/A

3M
NG3

None

Color

HACH Method
8025

Conductivity

Standard Methods
2510

Dissolved Organic Carbon

Standard Methods
5310

Energy-Dispersive X-Ray (EDX)

N/A

JEOL
JSM-6480LV

None

Excitation-Emissions Matrix (EEM)

N/A

Shimadzu
RF-6000

0.45 µm membrane filter

Free Chlorine

HACH Method
8021

HACH
DR 900 / 2700

None

Haloacetic Acids (HAA5)***

USEPA Method
552.2

Perkin Elmer
Clarus 500

20 mg ammonium chloride

Linear Polarization Resistance (LPR)

N/A

Metal Samples
MS1500L

None

HACH
DR 2700 / 5000
Fisherbrand
Traceable Conductivity
Meter Pen
Teledyne Tekmar
Fusion TOC
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0.45 µm membrane filter
None
0.45 µm membrane filter

Parameter

Standard Methods,
USEPA Method, or
HACH Method
Reference Number

Instrument

Sample Preparation

Metals – Al, Ca, Fe, Mg, Mn, Si

Standard Methods
3120

Perkin Elmer
Optima 2100 DV

0.45 µm membrane filter
2% HNO3

Monochloramine

HACH Method
10200

HACH
DR 900 / 2700

None

Nitrosodimethylamine (NDMA)***

USEPA Method
521

Varian
CP 3800/4000

100mg sodium thiosulfate

pH**

Standard Methods
4500-H+

Oakton
pH Testr30

None

Size Exclusion Chromatography (SEC)

N/A

Shimadzu
Prominence-i lc-2030c 3d

0.45 µm membrane filter
0.1 M NaCl
2 mM K2HPO4
2 mM KH2PO4

Scanning Electron Microscopy (SEM)

N/A

JEOL
JSM-6480LV

Gold thin-film layer

Temperature

Standard Methods
2550

Oakton
pH Testr30

None

Total Chlorine

HACH Method
8167

HACH
DR 900 / 2700

None

Total Trihalomethanes (TTHM)

Standard Methods
6232

Perkin Elmer
Clarus 580

5 mg sodium thiosulfate

Turbidity

Standard Methods
2130

HACH
2100Q

None

UV254

HACH Method
10243

HACH
DR 5000

0.45 µm membrane filter

*N/A – Not available **HACH HQ40d also used ***Commercial lab utilized
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APPENDIX B: QUALITY ASSURANCE AND QUALITY CONTROL
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To confirm the data quality for the information gathered in the research presented in this
dissertation, method 1020B from Standard Methods for the Examination of Water and Wastewater
was followed (Baird, et al., 2017). For the ATP work, duplicate ATP measurements were taken at
each sampling locations each sampling event. For the chloramine stability work, duplicate runs
were conducted. For the NDMA formation work, triplicate runs were conducted. For the corrosion
work, LPR measurements were taken twice daily for each metal at each location. For the regulated
DBP work, two TTHM and one HAA5 duplicate sample was collected for every experimental run
to ensure sampling technique precision. Lab analysis for TTHM were replicated on every seventh
sample to check equipment precision. Also, a lab TTHM spike was included to ensure equipment
accuracy.
Equation 2 was used to calculate relative percent difference (RPD) for field TTHM and
HAA5 duplicates, and lab TTHM replicates. In addition, Equation 3 was used to compute the
industrial statistic (I-stat) between field duplicate samples and lab replicate samples. A precision
control chart was developed for each statistic calculated to monitor variations in the sampling
technique and lab equipment, and identify any outliers or quality control violations. Equation 4
and 5 were used to calculate the upper warning level (UWL) and upper control level (UCL) for
the precision control charts, respectively.
𝑹𝑹𝑹𝑹𝑹𝑹 =

|𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 − 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓|

(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 + 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓)/𝟐𝟐

𝑰𝑰 − 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 =

× 𝟏𝟏𝟏𝟏𝟏𝟏%

(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 − 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒓𝒓𝒓𝒓𝒓𝒓𝒖𝒖𝒖𝒖𝒖𝒖)

(2)

(3)

(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 + 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓)

𝑼𝑼𝑼𝑼𝑼𝑼 = 𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂 + 𝟐𝟐𝟐𝟐

(4)

𝑼𝑼𝑼𝑼𝑼𝑼 = 𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂 + 𝟑𝟑𝟑𝟑

(5)
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Where:
xavg is the data set’s average
s is the data set’s standard deviation
To monitor equipment accuracy, % recovery for spiked TTHM samples was computed
using Equation 5. An accuracy control chart was developed using the calculated % Recoveries.
The UWL and UCL for the accuracy control chart were calculated in the same manner as in the
precision control chart. A lower warning level (LWL) and lower control level (LCL) for the
accuracy control chart was calculated using Equations 6 and 7, respectively. An HAA5 accuracy
control chart was developed utilizing the % Recovery numbers from the outside lab which
analyzed the HAA5 samples. The developed precision and accuracy control charts for this study
can be found in this section.
(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒓𝒓𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 − 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓)
𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

𝑳𝑳𝑳𝑳𝑳𝑳 = 𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂 − 𝟐𝟐𝟐𝟐

× 𝟏𝟏𝟏𝟏𝟏𝟏%

(6)
(7)

𝑳𝑳𝑳𝑳𝑳𝑳 = 𝒙𝒙𝒂𝒂𝒂𝒂𝒂𝒂 − 𝟑𝟑𝟑𝟑

(8)
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Precision Charts
Sample

UWL

UCL

30
25

RPD

20
15
10
5
0
Figure 35: TTHM Experimental Duplicates RPD Control Chart
Sample

UWL

UCL

0.14
0.12

I-stat

0.10
0.08
0.06
0.04
0.02
0.00
Figure 36: TTHM Experimental Duplicates I-stat Control Chart
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Sample

UWL

UCL

25

RPD

20
15
10
5
0
Figure 37: TTHM Laboratory Replicates RPD Control Chart
Sample

UWL

UCL

0.12
0.10

I-stat

0.08
0.06
0.04
0.02
0.00
Figure 38: TTHM Laboratory Replicates I-stat Control Chart
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Sample

UWL

UCL

90
80
70
RPD

60
50
40
30
20
10
0
Figure 39: HAA5 Experimental Duplicates RPD Control Chart
Sample

UWL

UCL

0.45
0.40
0.35
I-stat

0.30
0.25
0.20
0.15
0.10
0.05
0.00
Figure 40: HAA5 Experimental Duplicates I-stat Control Chart
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Accuracy Charts
UWL

UCL

LWL

LCL
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120
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60
40
20
0
Figure 41: TTHM Laboratory Spikes Control Chart
UWL

UCL

LWL

LCL

Sample

160
140
% Recovery

120
100
80
60
40
20
0
Figure 42: HAA5 Laboratory Spikes Control Chart
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APPENDIX C: COMPILED WTP WATER QUALITY DATA
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Sample ID →
Parameter ↓

Raw
Water

Settled
Water

Decant
Water

UF
Filtrate

Disinfected
Water

Anions

Metals

Inorganics

Organics

Table 14: Olinda WTP Water Quality Data

Color
(CU)

70

6

8

5

5

DOC
(mg/L)

7.08

2.56

3.47

2.78

2.81

UV254
(cm-1)

0.307

0.060

0.063

0.050

0.055

3.0

3.0

N/A

2.0

7.0

18

22

130

27

35

pH

5.59

5.79

3.73

5.26

8.61

Temperature
(°C)

17.9

18.4

19.8

19.1

18.6

Turbidity
(NTU)

1.54

0.68

0.89

0.23

0.16

Aluminum
(mg/L)

0.17

0.04

0.71

0.04

0.03

Calcium
(mg/L)

1.09

1.12

1.35

1.06

3.42

Iron
(mg/L)

0.16

0.10

0.21

0.04

0.12

Magnesium
(mg/L)

0.31

0.30

0.31

0.30

0.30

Manganese
(mg/L)

0.005

0.007

0.012

0.009

0.007

Silica
(mg/L)

1.42

1.37

1.50

1.40

1.45

Bromide
(mg/L)

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

Chloride
(mg/L)

2.96

4.16

5.66

4.22

6.94

Sulfate
(mg/L)

1.10

0.93

18.0

0.90

0.97

Alkalinity
(mg/L as
CaCO3)
Conductivity
(µS/cm)

*N/A – Not available
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Sample ID →
Parameter ↓

Lake
Manatee

Raw
Surface
Water

Rapid Mix
Surface
Water

Post Mix
Surface
Water

POE
Blend
Water

Anions

Metals

Inorganics

Organics

Table 15: Lake Manatee WTP Water Quality Data

Color
(CU)

154

152

1

0

0

DOC
(mg/L)

8.26

8.13

3.74

4.00

2.86

UV254
(cm-1)

0.758

0.747

0.078

0.075

0.078

32

32

9.0

14

36

171

180

266

277

324

pH

7.45

7.05

6.01

6.27

7.90

Temperature
(°C)

25.6

24.7

25.3

25.5

26.1

Turbidity
(NTU)

2.81

2.28

21.7

1.34

0.50

Aluminum
(mg/L)

N/A

N/A

N/A

N/A

N/A

Calcium
(mg/L)

14.0

13.1

24.5

25.1

124

Iron
(mg/L)

0.220

0.211

0.008

0.006

0.025

Magnesium
(mg/L)

3.80

3.89

4.51

15.1

39.4

Manganese
(mg/L)

< 0.005

< 0.005

< 0.005

< 0.005

< 0.005

Silica
(mg/L)

5.71

5.79

6.10

14.7

49.5

Bromide
(mg/L)

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

Chloride
(mg/L)

7.99

8.27

8.75

9.98

21.0

Sulfate
(mg/L)

28.3

28.5

83.2

83.7

67.5

Alkalinity
(mg/L as
CaCO3)
Conductivity
(µS/cm)

*N/A – Not available
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Sample ID →
Parameter ↓

Taylor
Creek

Raw
Surface Water

Rapid Mix
Surface Water

Settled
Surface Water

Post-Ozone
Surface Water

Pre-Filter
Surface Water

Clearwell
Surface Water

POE
Blend Water

Anions

Metals

Inorganics

Organics

Table 16: Dyal WTP Water Quality Data

Color
(CU)

253

250

5

6

1

-1

1

-1

DOC
(mg/L)

11.9

11.8

4.11

3.93

3.36

3.33

3.24

2.40

UV254
(cm-1)

1.128

1.124

0.098

0.103

0.065

0.053

0.049

0.080

18

9.0

N/A

N/A

N/A

27

27

32

74.0

73.0

218

210

216

242

239

641

pH

7.16

6.59

3.77

3.81

3.76

9.98

9.79

9.29

Temperature
(°C)

21.0

21.7

21.1

21.8

20.2

20.7

21.8

21.2

Turbidity
(NTU)

1.47

253

+++

0.51

0.24

1.30

0.11

0.13

Aluminum
(mg/L)

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Calcium
(mg/L)

5.74

5.64

13.9

13.3

13.9

30.7

28.5

151

Iron
(mg/L)

0.353

0.350

1.038

0.676

0.892

0.039

< 0.005

< 0.005

Magnesium
(mg/L)

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

21.4

Manganese
(mg/L)

< 0.005

< 0.005

< 0.005

< 0.005

< 0.005

< 0.005

< 0.005

< 0.005

Silica
(mg/L)

2.97

3.00

3.06

3.06

3.15

3.06

3.07

39.8

Bromide
(mg/L)

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

Chloride
(mg/L)

8.62

8.55

8.21

8.36

8.72

14.7

15.5

77.5

Sulfate
(mg/L)

2.53

2.54

49.4

48.2

48.4

50.6

51.3

86.0

Alkalinity
(mg/L as
CaCO3)
Conductivity
(µS/cm)

*N/A – Not available

103

REFERENCES
Abushaban, A., Mangal, M. N., Salinas-Rodriguez, S. G., Nnebuo, C., Mondal, S., Goueli, S. A.,
. . . Kennedy, M. D. (2017). Direct measurement of ATP in seawater and application of
ATP to monitor bacterial growth potential in SWRO pre-treatment systems. Desalination
and Water Treatment, 99, 91-101.
Allard, S., Cadee, K., Tung, R., & Croue, J.-P. (2018). Impact of brominated amines on
monochloramine stability during in-line and pre-formed chloramination assessed by
kinetic modelling. Science of the Total Environment, 618, 1431-1439.
AWWA. (2011). Water Quality & Treatment: A handbook on Drinking Water (6th ed.). (J. K.
Edzwald, Ed.) New York: McGraw-Hill.
AWWARF, & DVGW. (1996). Internal Corrosion of Water Distribution Systems (2nd ed.).
Denver, CO: American Water Works Association.
Baird, R. B., Eaton, A. D., & Rice, E. W. (Eds.). (2017). Standard Methods for the Examination
of Water and Wastewater. American Public Health Association; American Water Works
Association; Water Envrionment Federation.
Berney, M., Vital, M., Hulshoff, I., Weilenmann, H.-U., Egli, T., & Hammes, F. (2008). Rapid,
cultivation-independent assessment of micorbial viability in drinking water. Water
Research, 42, 4010-4018.
Broo, A. E., Berghult, B., & Helberg, T. (1999). Drinking water distribution - the effect of natural
organic matter (NOM) on the corrosion of iron and copper. Water Science Technology, 40,
17-24.

104

Brown, R. A., McTigue, N. E., & Cornwell, D. A. (2013). Strategies for assessing optimized
corrosion control treatment of lead and copper. Journal American Water Works
Association, 105, 62-75.
Buysschaert, B., Vermijs, L., Naka, A., Boon, N., & De Gusseme, B. (2018). Online flow
cytometric monitoring of microbial water quality in a full-scale water treatment plant.
Nature Partner Journals Clean Water, 16, 1-7.
Cecchetti, A. R., Roakes, H., & Collins, M. R. (2014). Influence of selected variables on
trihalomethane removals by spray aeration. Journal American Water Works Association,
106, E242-E252.
Chen, W., Westerhoff, P., Leenheer, J. A., & Booksh, K. (2003). Fluorescence excitation-emission
matrix regional integration to quanitfy spectra for dissolved organic matter. Environmental
Science & Tehcnology, 37, 5701-5710.
Choi, J., & Valentine, R. (2002). A kinetic model of N-nitrosodimethylamine (NDMA) formation
during water chlorination/chloramination. Water Science Technology, 46, 65-71.
Chow, C. W., Fabris, R., Van Leeuwen, J., Wang, D., & Drikas, M. (2008). Assessing natural
organic matter treatability using high performance size exclusion chromatography.
Environmental Science & Technology, 42, 6683-6689.
Crittenden, J. C., Trussell, R. R., Hand, D. W., Howe, K. J., & Tchobanoglous, G. (2012). Internal
Corrosion of Water Conduits. In MWH Water Treatment Principles and Design (3rd ed.,
pp. 1699-1803). Hoboken: John Wiley & Sons, Inc.
Davidson, C., Griffith, C., Peters, A., & Fielding, L. (1999). Evaluation of two methods for
monitoring surface clealiness - ATP bioluminescence and traditional hygiene swabbing.
Luminescence, 14, 33-38.

105

Delahaye, E., Welte, B., Levi, Y., Leblon, G., & Montiel, A. (2003). An ATP-based method for
monitoring the microbiological drinking water quality in a distribution network. Water
Research, 37, 3689-3696.
Donnermair, M. M., & Blatchley III, E. R. (2003). Disinfection efficacy of organic chloramines.
Water Research, 37, 1557-1570.
Douterelo, I., Sharpe, R. L., Husband, S., Fish, K. E., & Boxall, J. B. (2019). Understanding
microbial ecology to improve management of drinking water distribution systems. WIREs
Water, 1-10.
Duirk, S. E., Gombert, B., Croue, J.-P., & Valentine, R. L. (2005). Modeling monochloramine loss
in the presence of natural organic matter. Water Research, 39, 3418-3431.
Eisnor, J. D., & Gagnon, G. A. (2004). Impact of secondary disinfection on corrosion in a model
water distribution system. Journal of Water Supply: Research and Technology-Aqua, 53,
441-452.
Frateur, I., Deslouis, C., Kiene, L., Levi, Y., & Tribollet, B. (1999). Free chlorine consumption
induced by cast iron corrosion in drinking water distribution systems. Water Research, 33,
1781-1790.
Fu, J., Qu, J., Lie, R., Qiang, Z., Liu, H., & Zhao, X. (2009). Cu(II)-catalyzed THM formation
during water chlorination and monochloramination: A comparison study. Journal of
Hazardous Materials, 170, 58-65.
Furst, K. E., Pecson, B. M., Webber, B. D., & Mitch, W. A. (2018). Tradeoffs between pathogen
inactivation and disinfection byproduct formation during sequential chlorine and
chloramine disinfection for wastewater reuse. Water Research, 143, 579-588.

106

Gagnon, G. A., Baribeau, H., Rutledge, S. O., Dumancic, R., Oehmen, A., Chauret, C., & Andrews,
S. (2008). Disinfectant efficacy in distribution systems: a pilot-scale assessment. Journal
of Water Supply: Research and Technology-Aqua, 57, 507-518.
Ghazali, M., McBean, E. A., Whalen, P., & Journal, K. (2010). Supporting a drinking water
contaminant warning system using the adenosine triphosphate test. Canadian Journal of
Civil Engineering, 37, 1423-1431.
Goldstein, J., Newbury, D. E., Joy, D. C., Lyman, C. E., Echlin, P., Sawyer, L., & Michael, J. R.
(2003). Scanning Electron Microscopy and X-ray Microanalysis (3rd ed.). New York, NY:
Springer US.
Guo, Z.-B., Lin, Y.-L., Xu, B., Hu, C.-Y., Huang, H., Zhang, T.-Y., . . . Gao, N.-Y. (2016). Factors
affecting THM, HAN and HNM formation during UV-chlor(am)ination of drinking water.
Chemical Engineering Journal, 306, 1180-1188.
Hammes, F., Goldschmidt, F., Vital, M., Wang, Y., & Egli, T. (2010). Measurement and
interpretation of microbial adenosine tri-phosphate (ATP) in aquatic environments. Water
Research, 44, 3915-3923.
Heibati, M., Stedmon, C. A., Stenroth, K., Rauch, S., Toljander, J., Save-Soderbergh, M., &
Murphy, K. R. (2017). Assessment of drinking water quality at the tap using fluorescence
spectroscopy. Water Research, 125, 1-10.
Hong, P. A., & Macauley, Y.-Y. (1998). Corrosion and leaching of copper tubing exposed to
chlorinated drinking water. Water, Air, and Soil Pollution, 108, 457-471.
Hu, J., Dong, H., Xu, Q., Ling, W., Qu, J., & Qiang, Z. (2018). Impacts of water quality on the
corrosion of cast iron pipes for water distribution and proposed source water switch
strategy. Water Research, 129, 428-435.

107

Hua, G., & Reckhow, D. A. (2008). DBP Formation During Chlorination and Chloramination:
Effect of Reaction Time, pH, Dosage, and Temperature. Journal American Water Works
Association, 100, 85-95.
Hua, L.-C., Lin, J.-L., Chao, S.-J., & Huang, C. (2018). Probing algogenic organic matter (AOM)
by size-exclusion chromatography to predict AOM-derived disinfection by-product
formation. Science of the Total Environment, 645, 71-78.
Huang, H., Chen, B.-Y., & Zhu, Z.-R. (2017). Formation and speciation of haloacetamides and
haloacetonitriles for chlorination, chloramination, and chlorination followed by
chloramination. Chemosphere, 166, 126-134.
Ikonen, J., Pitkanen, T., & Miettinen, I. T. (2013). Suitability of optical, physical and chemical
measurements for detection of changes in bacterial drinking water quality. International
Journal of Environmental Research and Public Health, 10, 5349-5363.
Jones, D. B., Saglam, A., Triger, A., Song, H., & Karanfil, T. (2011). I-THM formation and
speciation: preformed monochloramine versus prechlorination followed by ammonia
addition. Environmental Science & Technology, 45, 10429-10437.
Kong, X., Ma, J., Wen, G., & Wei, Y. (2015). Considerable discrepancies among HPC, ATP, and
FCM detection methods in evaluating the disinfection efficiency of Gram-positive and negative bacterium by ultraviolet radiation and chlorination. Desalination and Water
Treatment, 57, 17537-17546.
Korshin, G. V., Ferguson, J. F., & Lancaster, A. N. (2000). Influence of natural organic matter on
the corrosion of leaded brass in potable water. Corrosion Science, 42, 53-66.
Korshin, G. V., Li, C.-W., & Benjamin, M. M. (1997). Monitoring the properties of natural organic
matter through UV spectroscopy: a consistent theory. Water Research, 31, 1787-1795.

108

Krasner, S. W., Mitch, W. A., McCurry, D. L., Hanigan, D., & Westerhoff, P. (2013). Formation,
precursors, control, and occurrence of nitrosamines in drinking water: A review. Water
Research, 47, 4433-4450.
Kristiana, I., Tan, J., McDonald, S., Joll, C. A., & Heitz, A. (2014). Characterization of the
molecular weight and reactivity of natural organic matter in surface waters. ACS
Symposium Series, 209-233.
Leavey-Roback, S. L., Sugar, C. A., Krasner, S. W., & (Mel) Suffet, I. H. (2016). NDMA
formation during drinking water treatment: A multivariate analysis of factors influencing
formation. Water Research, 95, 300-309.
LeChevallier, M. W., Lowry, C. D., Lee, R. G., & Gibbon, D. L. (1993). Examining the
relationship between iron corrosion and the disinfection of biofilm bacteria. Journal
American Water Works Association, 85, 111-123.
Lee, H.-J., Ho, M.-R., Tseng, C.-S., Hsu, C.-Y., Huang, M.-S., Peng, H.-L., & Chang, H.-Y.
(2011). Exponential ATP amplification through simultaneous regeneration from AMP and
pyrophosphate for luminescence detection of bacteria. Analytical Biochemistry, 418, 1923.
Lee, J., & Deininger, R. A. (1999). A rapid method for detecting bacteria in drinking water. Journal
of Rapid Methods and Automation in Microbiology, 7, 135-145.
Lee, W., Westerhoff, P., & Croue, J.-P. (2007). Dissolved organic nitrogen as a precursor for
chloroform, dichloroacetonitrile, N-nitrosodimethylamine, and trichloronitromethane.
Environmental Science & Technology, 41, 5485-5490.
Lehtola, M. J., Laxander, M., Miettinen, I. T., Hirvonen, A., Vartiainen, T., & Martikainen, P. J.
(2006). The effects of changing water flow velocity on the formation of biofilms and water

109

quality in pilot distribution system consisting of copper or polyethylene pipes. Water
Research, 40, 2151-2160.
Li, X., Wang, H., Zhang, Y., Hu, C., & Yang, M. (2014). Characterization of the bacterial
communities and iron corrosion scales in drinking groundwater distribution systems with
chlorine/chloramine. International Biodeterioration & Biodegradation, 96, 71-79.
Liang, L., & Singer, P. C. (2003). Factors influencing the formation and relative distribution of
haloacetic acids and trihalomethanes in drinking water. Environmental Science &
Technology, 37, 2920-2928.
Linklater, N., & Ormeci, B. (2013). Evaluation of the adenosine triphosphate (ATP)
bioluminescence assay for monitoring effluent quality and disinfection performance. Water
Quality Research Journal, 49, 114-123.
Liu, S. G., Barraud, N., Rice, S. A., Harry, E. J., & Amal, R. (2016). Understanding, monitoring,
and controlling biofilm growth in drinking water distribution systems. Environmental
Science & Technology, 50, 8954-8976.
Lo, F., Lin, K., Pai, T., Lo, S., Chiu, H., chang, T., . . . Lo, H. (2017). Characterization of raw
water resources in northern and central Taiwan. Desalination and Water Treatment, 70,
106-116.
Lyon, B. A., Cory, R. M., & Weinberg, H. S. (2014). Changes in dissolved organic matter
fluorescence and disinfection byproduct formation from UV and subsequent
chlorination/chloramination. Journal of Hazardous Materials, 264, 411-419.
Lyon, B. A., Dotson, A. D., Linden, K. G., & Weinberg, H. S. (2012). The effect of inorganic
precursors on disinfection byproduct formation during UV-chlorine/chloramine drinking
water treatment. Water Research, 46, 4653-4664.

110

Masters, S., Wang, H., Pruden, A., & Edwards, M. A. (2015). Redox gradients in distribution
systems influence water quality, corrosion, and microbial ecology. Water Research, 68,
140-149.
Moradi, S., Liu, S., Chow, C. W., van Leeuwen, J., Cook, D., Drikas, M., & Amal, R. (2017).
Developing a chloramine decay index to understand nitrification: a case study of two
chloraminated drinking water distribution systems. Journal of Environmental Sciences, 57,
170-179.
Moradi, S., Sawade, E., Aryal, R., Chow, C. W., van Leeuwen, J., Drikas, M., . . . Amal, R. (2018).
Tracking changes in organic matter during nitrification using fluorescence excitationemission matrix spectroscopy coupled with parallel factor analysis (FEEM/PARAFAC).
Journal of Environmental Chemical Engineering, 6, 1522-1528.
Najm, I., & Trussell, R. R. (2001). NDMA formation in water and wastewater. Journal American
Water Works Association, 92-99.
Navalon, S., Alvaro, M., & Garcia, H. (2009). Ca2+ and Mg2+ present in hard waters enhance
trihalomethane formation. Journal of Hazardous Materials, 169, 901-906.
Nescerecka, A., Juhna, T., & Hammes, F. (2016). Behavior and stability of adenosine triphosphate
(ATP) during chlorine disinfection. Water Research, 101, 490-497.
Nissinen, T., Miettinen, I., Martikainen, P., & Vartiainen, T. (2001). Molecular size distribution
of natural organic matter in raw and drinking waters. Chemosphere, 45, 865-873.
Norton, C. D., & LeChevallier, M. W. (1997). Chloramination: its effect on distribution system
water quality. Journal American Water Works Association, 89, 66-77.

111

Obolensky, A., & Singer, P. C. (2008). Development and interpretation of disinfection byproduct
formation models using the information collection rule database. Envrionmental Science
and Technology, 42, 5654-5660.
Oh, W.-D., Dong, Z., & Lim, T.-T. (2016). Generation of sulfate radical through heterogeneous
catalysis for organic contaminants removal: current development, challenges and
prospects. Applied Catalysis V: Environmental, 194, 169-201.
Peleato, N. M., & Andrews, R. C. (2015). Comparison of the three-dimensional fluorescence
analysis methods for predicting formation of trihalomethanes and haloacetic acids. Journal
of Environmental Sciences, 27, 159-167.
Peleato, N. M., Sidhu, B. S., Legge, R. L., & Andrews, R. C. (2017). Investigation of ozone and
peroxone impacts on natural organic matter character and biofiltration performance using
fluorescence spectroscopy. Chemosphere, 172, 225-233.
Pelekani, C., Newcombe, G., Snoeyink, V. L., Hepplewhite, C., Assemi, S., & Beckett, R. (1999).
Chracterization of natural organic matter using high performance size exclusion
chromatography. Environmental Science & Technology, 33, 2807-2813.
Rahman, S., McDonald, B., & Gagnon, G. (2007). Impact of secondary disinfectants on copper
corrosion under stagnation conditions. Journal of Environmental Engineering ASCE, 133,
180-185.
Reckhow, D. A., & Singer, P. C. (1990). Chlorination by-products in drinking waters: from
formation potentials to finished water concentrations. Journal American Water Works
Association, 82, 173-180.
Reckhow, D. A., Linden, K. G., Kim, J., Shemer, H., & Makdissy, G. (2010). Effect of UV
treatment on DBP formation. Journal American Water Works Association, 102, 100-105.

112

Revetta, R. P., Gomez-Alvarez, V., Gerke, T. L., Curioso, C., Santo Domingo, J. W., & Ashbolt,
N. J. (2013). Establishment and early succession of bacterial communities in
monochloramine-treated drinking water biofilms. FEMS Microbiology Ecology, 86, 404414.
Richardson, S. D., Plewa, M. J., Wagner, E. D., Schoeny, R., & DeMarini, D. M. (2007).
Occurence, genotoxicity, and carcinogenicity of regulated and emerging disinfection byproducts in drinking water: a review and roadmap for research. Mutatuion Research, 636,
178-242.
Roccaro, P., Vagliasindi, F. G., & Korshin, G. V. (2009). Changes in NOM fluoresence cause by
chlorination and their associations with disinfection by-products formation. Environmental
Science & Technology, 43, 724-729.
Samios, S. A., Golfinopoulos, S. K., Andrzejewski, P., & Swietlik, J. (2017). Natural organic
matter characterization by HPSEC and its contribution to trihalomethane formation in
Athens water supply network. Journal of Environmental Science and Health, Part A, 52,
979-985.
Sawyer, C. N., McCarty, P. L., & Parkin, G. F. (2003). Chemistry for Environmental Engineering
and Science (5th ed.). New York: McGraw-Hill.
Schock, M. R., & Lytle, D. A. (2011). Internal Corrosion and Deposition Control. In J. K. Edzwald
(Ed.), Water Quality & Treatment: A Handbook on Drinking Water (6th ed., pp. 20.120.83). New York: McGraw-Hill.
Selbes, M., Beita-Sandi, W., Kim, D., & Karanfil, T. (2018). The role of chloramine species in
NDMA formation. Water Research, 140, 100-109.

113

Selbes, M., Kim, D., & Karanfil, T. (2014). The effect of pre-oxidation on NDMA formation and
the influence of pH. Water Research, 66, 169-179.
Shah, A., & Mitch, W. A. (2012). Halonitroalkanes, halonitriles, haloamides, and N-nitrosamines:
a critical review of nitrogenous disinfection byproduct formation pathways. Environmental
Science & Technology, 46, 119-131.
Sharma, V. K., Yang, X., Cizmas, L., McDonald, T. J., Luque, R., Sayes, C. M., . . . Dionysiou,
D. D. (2017). Impact of metal ions, metal oxides, and nanoparticles on the formation of
disinfection byproducts during chlorination. Chemical Engineering Journal, 317, 777-792.
Smith, C. T. (2015). Trihalomethane Removal and Re-Formation in Spray Aeration Processes
Treating Disinfected Groundwater. Orlando: University of Central Florida STARS.
Thore, A., Ansehn, Lundin, A., & Bergman, S. (1975). Detection of bacteriuria by luciferase assay
of adenosine triphosphate. Journal of Clinical Microbiology, 1, 1-8.
Trueman, B. F., Maclsaac, S. A., Stoddart, A. K., & Gagnon, G. A. (2016). Prediction of
disinfection by-product formation in drinking water via fluorescence spectroscopy.
Environmental Science: Water Research & Technology, 2, 383-389.
USEPA. (1999). Alternative Disinfectants and Oxidants Guidance Manual. Office of Water
(4607). Washington D.C.: United States Environmental Protection Agency.
USEPA. (2017, March 15). Lead and Copper Rule. Retrieved from United States Environmental
Protection Agency: https://www.epa.gov/dwreginfo/lead-and-copper-rule
Uzun, H., Kim, D., & Karanfil, T. (2015). Seasonal and temporal patterns of NDMA formation
potentials in surface waters. Water Research, 69, 162-172.

114

van der Wielen, P. W., & van der Kooij, D. (2010). Effect of water composition, distance and
season on the adenosine triphosphate concentration in unchlorinated drinking water in the
Netherlands. Water Research, 44, 4860-4867.
Van Nevel, S., Koetzsch, S., Proctor, C., Besmer, M., Prest, E., Vrouwenvelder, J., . . . Hammes,
F. (2017). Flow cytometric bacterial cell counts challenge conventional heterotrophic plate
counts for routine microbiological drinking water monitoring. Water Research, 113, 191206.
Vang, O. K., Corfitzen, C. B., Smith, C., & Albrechtsen, H.-J. (2014). Evaluation of ATP
measurements to detect microbial ingress by wastewater and surface water in drinking
water. Water Research, 64, 309-320.
Venzlaff, H., Enning, D., Srinivasan, J., Mayrhofer, K. J., Hassel, A. W., Widdel, F., & Stratmann,
M. (2013). Accelerated cathodic reaction in microbial corrosion of iron due to direct
electron uptake by sulfate-reducing bacteria. Corrosion Science, 66, 88-96.
Vikesland, P. J., Ozekin, K., & Valentine, R. L. (2001). Monochloramine decay in model and
distribution system waters. Water Research, 35, 1766-1776.
Vital, M., Dignum, M., Magic-Knezev, A., Ross, P., Rietveld, L., & Hammes, F. (2012). Flow
cytometry and adenosine tri-phosphate analysis: alternative possibilities to evaluate major
bacteriological changes in drinking water treatment and distribution systems. Water
Research, 46, 4665-4676.
Vrouwenverlder, J., Manolarakis, S., van der Hoek, J., van Paassen, J., van der Meer, W., van
Agtmaal, J., . . . van Loosdrecht, M. (2008). Quantitative biofouling diagnosis in full scale
nanofiltration and reverse osmosis installations. Water Research, 42, 4856-4868.

115

Vuorio, E., Vahala, R., Rintala, J., & Laukkanen, R. (1998). The evaluation of drinking water
treatment performed with HPSEC. Environment International, 24, 617-623.
Wang, H., Hu, C., Hu, X., Yang, M., & Qu, J. (2012). Effects of disinfectant and biofilms on the
corrosion of cast iron pipes in a reclaimed water distribution system. Water Research, 46,
1070-1078.
Woszczynski, M., Bergese, J., & Gagnon, G. A. (2013). Comparison of chlorine and chloramines
on lead release from copper pipe rigs. Journal of Environmental Engineering ASCE, 139,
1099-1107.
Xie, Y., Wang, Y., & Giammar, D. E. (2010). Impact of chlorine disinfectants on dissolution of
the lead corrosion product PbO2. Environmental Science & Technology, 44, 7082-7088.
Yan, M., Korshin, G., Wang, D., & Cai, Z. (2012). Characterization of dissolved organic matter
using high-performance liquid chromatography (HPLC)-size exclusion chromatography
(SEC) with a multiple wavelength absorbance detector. Chemosphere, 87, 879-885.
Yang, L., Kim, D., Uzun, H., Karanfil, T., & Hur, J. (2015). Assessing trihalomethanes (THMs)
and N-nitrosodimethylamine (NDMA) formation potentials in drinking water treatment
plants using fluorescence spectroscopy and parallel factor analysis. Chemosphere, 121, 8491.
Yoakum, B. (2017). Investigating Novel Water Treatment Methods and Monitoring Techniques
for Sulfide-Laden Groudnwater Supplies. Orlando: University of Central Florida STARS.
Zhang, H., & Andrews, S. A. (2012). Catalysis of copper corrosion products on chlorine decay
and HAA formation in simulated distribution systems. Water Research, 46, 2665-2673.
Zhang, X., Pehkonen, S. O., Kocherginsky, N., & Ellis, G. A. (2002). Copper corrosion in mildly
alkaline water with the disinfectant monochloramine. Corrosion Science, 44, 2507-2528.

116

Zhang, Y., & Edwards, M. (2007). Anticipating effects of water quality changes on iron corrosion
and red water. Journal of Water Supply: Research and Technology-Aqua, 56, 55-68.

117

